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which. Can seldom conduct in direct association with 
other men - I perform a soctal, because human act. It 
is not only the material of my activity - like the 
language itself which the thinker uses - which is given 
to me as a social product. My own existance ts a social 
activity. For this reason, what I myself produce, I 
produce for society and with the consciousness of acting 


aS a social being. 


Karl Marx, Economic and Philosophical 


Manuscripts (1844). 
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A pulsed high pressure mass spectrometer constructed 
for the measurement of the rate constants and equilibria of 
ion-molecule reactions at thermal energies is described. 
The mass spectrometer could be operated with ion source 
pressures up to i0 torr. High speed electrical circuits 
involving a multichannel scaler were constructed which per- 
mitted the observation of the temporal behaviour of the 
ions in the ion source. The instrument was applied to the 
study of ionic reactions which are believed to be of im- 
portance in the D region of the earth's ionosphere and also 
to the hydration of various ions in the gas phase. Both 
positive and negative ions were studied. The studies were 
conducted over the temperature range 90° - 850°K. 
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permitted the evaluation of Noah ne Pea and ete 
for this reaction. Results are presented for the cases 
where A=N ae B= Nq and n = 1s vA = 0 are B= 0, -and n= 1,2. 
2 2 2 2 
a= Oo , Be SacChHsOn), and n = 12,3; 0A = NO, , B = H,0, and 
n= 1; A= NO, , B= H,0 and n = 1,2,3; and A = Hie BeS H,0 
and n = 2,3,4. The thermodynamic parameters for the 


+ _ 
formation of the ions NH, (NH,)(H50), n +ow = 1,2,3,4 are 


also presented along with estimates for the electron affin- 
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Leres.oOr NO. and NO.. 


The kinetics of the attachment of water to NOD 


- + 
NO, and HO were also studied as well as the negative 
ion-molecule reactions occurring in moist oxygen. 
The temperature dependence of the forward rate of 


the reactions 


+ + 
075 - 20. ——'—Sa«*OO on+2 a 0, n Sa" 23 
and 
H’ (HO) fee net, Maas iy (eee ey se 
2°’ n-1 2 oo ean a tans 
was studied. It was found that the temperature dependence 


of the forward rate constant could be expressed in the 


form k, © tT " where n is from 3.2 to 5.1 depending on the 


reaction. 
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actions in which extensive rearrangements of atoms in the 
colliding species may be involved. Bimolecular reactions 
usually proceed with large easilVan ay cross sections (1). 
In 1958 Giomousis and Stevenson (2) proposed a theory to 
explain these exceptionally large cross sections. In 

the theory the attractive forces between the colliding 
particles are visualized as being electrostatic in nature. 
As the colliding particles approach each other, a dipole 
moment is induced in the neutral by the electric field of 
the oem .( this may. dd. foOeany Conteris biel ont soma perman- 
ent dipole moment) drawing the particles together. This 
attractive force becomes significant (i.e ~kT) at intermol- 
ecular separation in the order of several angstroms. At 
these distances van der Waals' repulsive forces due to 
the interaction of the electron clouds of the particles 
in question are negligible. Giomousis and Stevenson (2) 
were able to show that the rate coefficient for the re- 


action, k, could be expressed in the form 


ee ane (%) * Ci 3) 


where e@ is the electronic charge, a the polarizability of 
the neutral and yp the reduced mass of the system. Since 


the cross section Q is given by 
Q= k/y (B34) 


where! Vv is ‘the velocity 6f approach of the particles it 
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follows that 


This expression predicts the observed large cross 


Cl, 5) 


sections. Furthermore the theory predicts that Q will be 


independent of temperature for moderate temperatures. 
reactions such as (1.1) proceed without any activation 
energy. This prediction has been largely confirmed by 
experimental observation (3). 

The corresponding charge transfer reaction with a 


negative ion would be 


the direction of this reaction being determined by the 


relative electron artinites cf A and B. 


Negative ions may be produced by electron capture, 


electron attachment or paix preduction? Min ‘an electron 


Capture reaction the neutral molecule encounters an 


Thus 


(1.6') 


electron which may have thermal or greater kinetic energy. 


The molecule then dissociates to form an ion and a neutral 


fragment. 


RX + e— xX +R 


(157) 


The electron attachment process is where the electron is 


captured by the molecule, and the resulting excited ion 


may either autoionize or be collisionally stabilized. 


The 


setts spint eavanads ais ioifiety noteissges eidt 

ad) Phi O iad sq veoett ah sterxedss0 Peet 
anit aowutnnoits esse ip) Suxerosdiat To sieohiagenla | 
wostey fee yng. tuceiten bosnoxsg tEVE) “ea dove enoisossx, 


- ye er. vispie! need 26d mitesiheay eget tere 
7 1(f) aofssviseee lexneniteqes © 
& iw sista ‘onan soveileo eaclanoarerins ant 
od blucw nod ovisepem 
. =) 
. (a. 0) poe eet 2 = Hot A i 


adit yd bettbytatab! trite NoitoaSt 2s) Tn nod se 2 ae 
LOPES A Ao estiaials wtiesia avitetes 


»Sbaqhe nottseie ya alana Bt Yam anol eveonpel® oe - 


-— 


nosvigisy na at shoxseiibarg Tag ad Jromlsntse aoxbale, 
iS emochinstene siypel om lexttten ait iad shales aawrgee 
eters oi ante seany +m Laigneiia syed vant Holdw noaee ee 


7 _derause & bore! Baise hae ot sash ans caxtt givealot i 


_s i 


aTnenip 
€e> a2 
. \ 4 p . A 


fragmentation process (1.7) not being favoured in this 


case. 
tly 
pero . O attachment 
Pp REE 2 auvto1loni zation 
(aS) 
= =a * 
0. + M —_—__—_ 0. + M stabilization 
An example of this is the attachment of the electron to 
2 
e + 20.— 0. +0 (Cig) 


2 Leet re 


30 


which proceeds at a rate of 2.04+0.2 x 10 cm® molecule * 


ee) 
Negative ions may also be produced by the interaction 
of an energetic particle or photon with the appropriate 


neutral in a "pair production" process. This is when both 


a negative ion and a positive ion are produced. 


partielle ie 2 
AB + (ORS See IN She (ale ali) 
photon 


The reactions mentioned above may all be regarded as 
primary reactions in the sense that they produce only 
simple ions from neutrals. More complex reactions may 
occur between ions and neutrals. One example is the con- 
densation or attachment reaction. This type of reaction 
is similar to the electron attachment reaction (1.8). An 
example of an attachment reaction is the clustering of 


water about NO.” to form NO, *H,O 
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Wheve Meissaqstabilizging third body. 

Another type of ion-molecule reaction involves the 
exchange of a molecule attached to the ion for another 
neutral molecule. Such reactions have been called 


"Switching" reactions (5) 
+ + 
Ae? Br SCs eA Cee B G2) 
on ga ale 


These reactions are in general fast proceeding at near the 
banvegin orbiting wimie (15) an the preferred direction. 
Whether this reaction proceeds from left to right in 
(Teil) een vice Versa “depends on the free energy change 


involved. Examples of switching reactions are 


O == 1G) ae) + H,O— O. -H.O + O (A813) 


2 Z 2 2 2 


O71 + NO= 0. “NO + 0, (a4) 


1.2 Progress of Ion-Molecule Reaction Studies 
A Studies at Low Pressure 

In the conventional analytical mass spectrometer, the 
Ton source “and in particular the mass analysis Sections’? of 
the instrument are maintained at as low a pressure as 
possible * This, ts "done! ‘soethat’ the probabiia ty*ofvanreion 
striking a neutral gas molecule, either in the ion source 


or “during mass “analysis ids reduced"to aeminimum. © Tf the 
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pressure in the ion source is raised, the primary ions 
produced by electron bombardment may undergo reactive col- 
lisions with the neutral gas in the chamber. This repre- 
sents a serious problem in the determination of isotopic 
abundances and is undesirable in qualitative analysis 
studies. 

Barly inethis, century a... Thompson (6) described 
the first mass spectrometer and reported the observation 
Of an, LON OL m/e, = 3\ fas “a. preduct, from an electrical dis-— 
charge in hydrogen. Dempster (7) repeated this observa- 
tion and showed the ion to be H oP The presence of this 


5 


ion was later explained (8,9) as coming from the reaction 


+ + 
H., a eae A ah Ed Cire) 


Research with mass spectrometers at this time was largely 
devoted to the study of isotopic abundances and processes 
such as (1.15) were regarded as undesirable. Improved 
vacuum technology and increased ion current detection 
capabilities eliminated the difficulty. 

It was not until several decades later in the early 
1950'srthate systematic Studies ef 1on-molecule reactions 
were undertaken. Tal'’rose and Lyubimova (10), Stevenson 
ana oChiaselem (11-12). and Gutbier (1s) were early workers 
in the field... The technique involved raising the pressure 
in the ion source of a mass spectrometer of conventional 
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traction of. thesprimary, ions? widly undergo icolJlisions.with 
the neutral gas to produce secondary ions. From the study 
of the quantity of secondary ions produced as a function 
of ion source pressure, cross sections for ion molecule 
reactions could be deduced (1). 

The early work in the study of ion-molecule reactions 
involved the use of an ion source which had a small but 
constant electric field gradient across it, designed to 
repel ions into the mass analysis section of the instru- 
ment. In order to calculate the cross section and subse- 
quentiy the rate constant for an-10on—molecule reaction as 
sumptions were made concerning the translational energy 
dependence of the cross section (1). The Gimousis- 


Stevenson equation (1.3) may be extended to 


1 
2am 2 
ae 
ec a = 2re ( E (416) 
Vv u 
ueE 1 


where m_ is the mass of the primary ion, 1 is total path 


length of the ion and EY is the voltage of the repeller 
electrode. The above expression is valid for many simple 
reactions, however several examples were found where the 
Qi pie relationship was not obeyed (1). 

The difficulty of determining the energy dependence 
Of the scross Section and theretore, tie rate constant was 
overcome by using a pulsing technique in which the ions 


react under field free conditions. The method consisted 


Of Switching the electron beam in the 1on source on for a 
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brief period of time (~ Wore 


SEC) gat tel owhiechythe. ion 
source was maintained under equipotential conditions. 
After a variable but known delay time a brief pulse was 


applied to the repeller electrode to expel the ions from 


the 2on source,  Talrose (14,15) showed, that 


= kntq + f(t,,t,) Cle) 


ic 
where es iS the ratio of secondary to primary ions, Kk 
is the rate constant, n is the number density of neutrals, 
ta is the delay time and F(t ,t,) LS a LUNCTION OG the 
time the electron beam is on ter and the width of the 
repeller pulse ee For a given te and Cer f£(t,,t,) Sa 
constant. Since the early work of Tal'rose, the pulsing 
technique has been used by other workers notably Harrison 
etal (EO) wand -Rvan and FUtred 1. C17): 

The conventional or pulsed low pressure techniques 
possess a number of limitations in terms of the types of 
ion-molecule reactions which may be studied. The low 
pressure in the ion source (Oe. torr) coupled with ‘the 
short reaction times come sec) are such that only bi- 
molecular reactions possessing large caer cm? molecule + 
arin Bate coertiicients may be studied (1.6. reactions 
Which Occur at the collision frequency). 


The difficulties centering about short reaction. times 


were largely overcome by various trapping techniques 
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(16—20)- ) Harrison et al (19-21) have developed a technique 
whereby the ions in the ion source are trapped in the space 
Charge of an electron beam. A low energy electron beam 

(~5 eV) is passed continuously through the ion source trap- 
ping the ions in the space charge. The ions are then 
extracted by applying a suitable pulse to the repeller 
electrode. Using this method, ions may be retained in the 
ion source for several milliseconds. 

Another approach is won cyclotron resonance. LOLs 
method involves capturing the ions in crossed electric and 
Magnetic fields. Reactions may be observed over time 
periods as along as 100 milliseconds. The technique was 
pioneered by Baldeschwreler et al (22) (and extensive 
studies have been conducted in recent years by Beauchamp 
eugal(23725)5, Brauman eb al (25) and others (26). 

Both ion cyclotron resonance and the conventional 
low pressure techniques possess some disadvantages and 
limitations. The ions are usually produced by electron 
bombardment and may be generated in an internally or 
translationally excited state. Thus the energy state of 
the reactant ion may be unknown. Reactions which require 
third body stabilization cannot usually be studied by 
these methods because the maximum pressure which may be 
used is ~107° torr. 

The utilization of ion source pressures in the torr 


range overcomes many of the difficulties of the low pres- 
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sure technique and greatly expands the types of reactions 
which may be investigated. The increased pressure slows 
down the movement of the ions to the walls since the ions 
must diffuse to the walls as opposed to an almost unim- 
peded flight in the case of the low pressure instrument. 
This means that ions may be retained in the ion source for 
several milliseconds without specific trapping arrangements. 
The long retention time of ions permits the study of com- 


plex reaction sequences of the form 


eres i: eee ee aus nee 


nae. 2 (elo) 


The ions undergo many thousands of collisions while they 
are in the ion source. This number of collisions should 
quench most excited ionic species to the ground state and 
thus reactions of thermal species may be studied. 

In the high pressure ion source, ions escape through 
a small orifice to the mass analysis system of the instru- 
ment by a combination of mass flow and diffusion. Thus the 
presence of an electric field gradient across the ion 
source to "push" the ions out as is the case with the low 
pressure design is not essential. The absence of any 
externally applied field ensures that the translational 
energies of the ions under examination reflect the temp- 
erature of the gas in which they are carried. The high 
pressures permit the occurrence of multiple collisions of 


individual ions and thus termolecular reactions such as 
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ha Tal Bitte a ee Dee (179) 


which require "third body" stabilization may be investig- 
ated. The work to be described later in this thesis is 


largely a study of termolecular reactions. 


Be Other Studies at High Pressures 
(a) High Pressure Mass Spectrometry 

Conway and coworkers (27-30) have studied the thermo- 
dynamics of several clustering reactions. Yang and Conway 


(28) have studied the equilibrium in the reaction 


©, ie Siamese) if 


2n 2—_— On (1.20) 


where n = 1,2,3,4. They found a general decrease in AH 
for the reaction with increasing n. Other equilibrium 


reactions such as 


~ + 
0, +N, = N,0, re 
and _ ” 
OF. gp Oguz, 24 Klee) 


have been investigated by Conway et al (27,29,30). 
Franklin and coworkers (31-34) have conducted studies 


of the kinetics of termolecular reactions such as 


com THlgcGecheiaeo  & pace 


2 2 2°4 2 (1.23) 


which occurs in carbon dioxide. The positive ion-molecule 


reactions incCO (31), and other compounds (32-34) have also 
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been investigated by these workers. 


(b) Chemical Ionization 

The chemical ionization method developed by Field et 
al (35-44) is one of the most widely used high pressure 
mass spectrometric techniques. The chemical ionization 
method involves the electron bombardment of a carrier gas 
(usually CH ,) containing small amounts of substrate. 
The primary ions formed are rapidly converted to cH and 
oi which then proton transfer to the substrate. The 
method is widely used as an analytical tool. The major 
difference between the chemical ionization method of 
Field et al and the present approach is that a repeller 
electrode is retained in the ion source in the chemical 
ionization experiment to "push" ions out of the high 
pressure ion source. Field et al have undertaken extensive 


studies of the equilibria and kinetics of ion-molecule 


clustering reactions (39-44). 


Ce) Flowing Afterglow 

The flowing afterglow technique developed by Ferguson, 
Fehsenfeld and Schmeltkopf (45) is one of the most power- 
ful techniques available today for the study of ion-mole- 
cule reactions. In this technique, a carrier gas (usually 
He) which has been weakly ionized by electron impact or a 
microwave discharge is flowed down a tube at a pressure of 


about 0.5 torr. Reactant gases are injected downstream from 
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LS. 
the excitation region. The helium ions and excited helium 
atoms ionize the reactant gas molecules. At some point 
downstream a second gas whose reactions with the primary 
ions are to be studied is added. At the end of the tube 
the ions are sampled mass spectrometrically. The reaction 
time and therefore the rate constant may be calculated 
from the knowledge of the fluid dynamics of the flowing 
plasma. 

The technique is quite flexible. Reactions involving 
unstable neutral species, such as reactive atoms, have 
been undertaken. Ferguson and coworkers have performed 
extensive studies of clustering reactions and a compilation 
of the reactions they have investigated is available (l, 
46). The technique has been used to measure electron 
affinities (47) and proton affinities (48,49) as well as 


reaction kinetics. 


(d) Stationary Afterglow 

The stationary afterglow technique involves exciting 
the gas in a cell (usually at pressures in the torr range) 
by various means (microwave discharge or photon absorp- 
tion) and then mass spectrometrically observing the tempor- 
al behaviour of the ionic species in the decaying plasma. 
Fite et al (50) and Sayers and Smith (51) were early 
workers in the field who applied the technique to the 


study of aeronomically important reactions. Recently 
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Lineberger and Puckett (52) have applied the method to 


the study of negative-ion hydration reactions such as 


NO. ar HO + NO —— > NO, "HAO + NO (1.24) 
and 

C1 REE Oe Creo + NO (ike 5) 

‘ -28 x : =29 

fEpOLlLing=valueseort ti). Ste CORSexe 10 and 37AG+ pl ee exe 
em° molecule’ * sat for the respective forward rate con- 
Stants’ 
(e) Ion Drift Tube Experiments 


In the mass spectrometric drift tube experiments, a 
short burst of lons enters a tube containing gas at pres- 
sures in the torr range where there is a uniform axial 
electric field gradient. The ions then drift down the 
tube under the influence of the electric field and are then 
Sampled with a mass spectrometer at the end of the tube. 

At sufficiently low field gradients, thermal or néar ther- 
Mel “cCOnadLELOns are, approached.” McDaniel ct “al” (537,04) have 
used this technique to measure diffusion coefficients and 
mobilities of various ions. They have also applied the 


method to the study of ion=molecule reactions such as 


Oo + 20.— 0, +0 (ARG) 


Z 3 2 


for whiten a value OL k = 1.0 FOL 2° ikke Le Tsien ee - 


s) was reported (53). 
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3 nese recent. study 

Classically in the study of chemical kinetics, the 
experimentalist observes the variation in concentration of 
thepreactants) and/or products of a) reaction as a function 
of time. Such studies have been extremely valuable in 
the investigation of reaction mechanisms and have made a 
major contribution to the understanding of the processes 
of chemical transformations as a whole. The present work 


deals with a study of selected reactions of the type 


nee Fe Sa Ss itl leet i Neca ia a (ea) 

(1,2) ee Mee A+B, in (1.28) 
ac + 

(n-Ilj;n) A BO, + B+M ASB +M (i. 29) 


where A is a positive or negative ion which may be a single 
atom or a molecule, and B and M are either atoms or small 


molecules (Ar, O N B-O; ech’. (acount. 


a Van SIF 2 4 
In the present experiments the ionic species At is 
generated by high energy electron bombardment in the ion 
source of the mass spectrometer. The temporal behaviour 
GE the Lon ie and its subsequent reactions products AN +B 
are observed experimentally. From the time dependence of 
the concentrations of the various ionic species the rates 
of the reactions may be determined. 
The reverse process in many termolecular reactions such 


as “(P29 Ms ‘hegligible. That is under normal conditions 


the reverse processes in (1.29) are negligible. However, 
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under suitable conditions many reactions of this type are 
reversible and thermodynamic equilibrium may be achieved 
between the reacting species. The studies which will be 
described in subsequent chapters in this thesis are 
directed to the investigation of the kinetics and thermo- 
dynamics of reversible ionic reactions. 

The apparatus used in the present experiments is 
Similar to that developed in these laboratories by Durden 
(55) and Arshadi (56). Arshadi's apparatus was modified 
so that the time dependence of the various ionic species 
in the ion source could be followed. 

Techniques were also developed in the present experi- 
ment to permit the study of reactions over a wide tempera- 
ture range (85-850°K). Such apparatus permits the in- 
vestigation of the temperature dependence of the rates of 
reactions such as (1.29). The experimental observations 
may then be compared to the predictions of various 
theoretical models. Some of the problems to which studies 
as those above may be directed are described in the fol- 


lowing sections. 


1.4 Lou, Chemistry Of the D Region 

The so called D region of the earth's ionosphere 
extends from an altitude of 50 km to 85 km and has) been 
the “subject ‘of Gntense study ‘over the last decades "It is 


in this’ region where much of the! highvenergy) radbatyvon 
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from the sun is absorbed and also the region from which many 
radio waves are reflected. In 1965 Narcisi and Bailey 
(57) reported the first observations of the ionic con- 
stituents of the D region. Sampling with a rocket launched 
mass spectrometer travelling at supersonic speeds they 
observed that the ions H,0” (m/e = 19) and H” (H,0) 5 (m/e = 
37) were dominant in much of the region (57). The result 
was initially a theoretical stumbling block as no satis- 
factory explanation for the observation could be made. The 
D region contains only trace amounts of water, the major 
gases being nitrogen, oxygen, argon and small amounts of 
nitric oxide. Only a very small amount of Hee is expect- 
ed to be formed by direct absorption of solar radiation 
due to the low concentration of water at these altitudes. 
Furthermore any HO” formed is expected to be rapidly 


10 ee: 


removed via the fast (2 x 10 ae molecule ~ s (a5 )e) 


reaction 


+ + 
HO + OF ed + HO (22 350) 


Thus the reaction sequence leading to LOGON) cannot start 


via the well known reaction 


~- - 
HO ~ + Smears 2 H 0 + OH Pe gee 


bt was postulated (59,60) and demonstrated in. the 
laboratory (61,62,63) that the formation of the proton 


hydrates may occur via the initial clustering of water 
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molecules about the ion oo The hydrate ommiieoy et was 
found to react with a water molecule yielding the proton 


hydrates in a reaction of the form 


Path AO 


+ 
5 i + i ee H (H50) + O. + OH (ees 2) 


o 2 


2 


A similar mechanism has been proposed for the nitric oxide 
hydrates NO” (H,0), (64-67). 

The negative ion chemistry of the D region is however 
ssomewhate unclear. Reid (638) has said (1971) that 40ur 
ignorance of the negative ion chemistry of the ionosphere 
remains so complete that the major problems cannot even be 
forma tede yet y.. "Narcisie eta le(69) nd sArneldweacrds 
(70) have performed rocket measurements of the negative 
ions present in the D region. Although their results 
are conflicting quantitatively they suggest qualitatively 
that the terminal negative ions in this region will be 


hydrated. Apparently ions of the form NO, (H,0) are 


dominant (69) although the species CO, (H59) was reported 
by Arnold et al’ (7/0) «to be "signa ficant. 

Recently Ferguson et “al (47) have reportedia modell 
system for the reactions of negative ions in the D region. 
The model postulates that some ten ions are involved as 
well as a number of neutral species. However, complexities 
which may arise due to clustering reactions involving water 


were not considered. 


In order to determine rate coefficients for reactions 


oe ee: 


ey (te i) :) rt hE 725 i” Si ae oo 
novo ets pn Lobes siusaica zsadbw 5 thiw 45e ot ot 


a 
mel grit notszass4 & ah ae 


a 
ie. 54 US. 2% 8 + 2101) aoe =O)! + 2. [0G 7 
~ - 7 +9 & i +" “= 
7 7 
_—_ ebike ocutirtl edt yor beancotd ised esa metistoem valiare 6 ~ 
' f 7 ; os 
- : = a. 2 a a 
- : (Wa-f a" (Oo, 4) O4 esagnrbyn. 
P| > 7 a 1 
7 seVuWON 34 aolper a) oad Fo. piternads 061 Sy Mepen sate. & 
svt" #eihi (IVR) fries eon. (84) Sf94) steels 
| | © 
gxstveonel off Yo vt#atmety nul sviispen oth im god tonet 
| a oo - 
Bay. mevS Sorin jr ot cf sy =) r Sif el ane; sgeil gio o= aniamet " 
i he, to Blomaé ban (C3) Lea ae WerTorslt ."say tidied | i 


vitspeit.end to" eam ama 2 Se 45x95 DT: banger seq aver taf — 
7 esives. Theis renee au ipea. Cert ni tneestq: sok 


ViaVvizedi tiene bia bhai ea: af) eve Jez cFisin) ae r of ter 


. : : 
7 — = | } 7 es 
. ad. thw forpe®, zie reid ‘actok avideper Tani aa 
: - _ a 
- S18 ate yp BA meet aH 2: %, ens ve anerreaah - bajstye 
7 all me 
- _dbsztagcet esw .. (0.1) Oo delogns sia dewotiade (@3) prea nie 
_ {T s+ fe » a) ; y 
7 ‘ m~ - 
- : <atiBS 13. np Sd ad (08) Is Js aiaias ye 
>. = 7 a 7 


— 
vt tshom © bartodes sna. yen Ee oases 4 yitnsoat mi 
ee 
aioe © ont at sate bvisopsr ae ena fost rai I ms 
_ 
Bl] mh fs 
8 bev lovieh eam sok het oe t dediliitaog 4 


; saieiat ai Ti siehaatil meron +0 197 z paereea e al 


“— 


ef i ober eal ah 3 Os ie ae 


Vo 


which may be of importance in the negative ion chemistry 
of the ionosphere several studies were undertaken. Chapter 
5 describes an investigation of the negative ion-molecule 
reactions in moist oxygen leading to the formation of 

O, (H,0) .. In Chapters 6 and 7 is presented a study of 
the thermodynamics and kinetics of hydration of the ion- 


ospherically important ions NO.” and NO, . 


tes Ion-Solvent Interactions 

Central Lo ithess tudyeofs1onic solutions isthe 
nature of the interaction of the ions in the solution with 
the solvent. The interaction of the ions with their im- 
mediate solvating molecules is considered to be of greatest 
importance. In the examination of ion solvent interactions 
Lees Naturaletos consider first. the isolated Lonwand pthen 
the effects of adding solvent molecules to this isolated 
species. Clearly after the addition of a sufficient 
number of solvent molecules the completely solvated ionic 
species will be obtained. This approach from the isolated 
ion to the solvated species is central to many theoretical 
as well as experimental treatments. 

Traditionally the interaction of the 20m witigits 
immediate solvating molecules has been examined in terms 
Of electrostatic forces namely 10on-dipole and 10n-induced 
dipole forces. From the study of gaseous ionic equilibria 


it is possible to obtain the thermodynamic parameters for 
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the addition of solvent molecules to the isolated ion. It 
is common to discuss ions in solution as if they had a 
certain number of solvating molecules surrounding them. 
These immediate solvating molecules are regarded as being 
in an "inner sphere" or "inner solvation shell" and these 
ligands are believed to determine the behaviour of the 
ion in solution. Usually the number of such ligands is 
proposed to be an even number i.e. 4 or 6. This belief 
stems perhaps from studies of érystals where the three 
dimensional array may place constraints on the number and 
position of coordinated species. 

If there is an "inner solvation shell" then if one 
examines the enthalpies for the successive addition of 
ligand molecules a discontinuity may be expected in the 
data at the completion of the solvation shell. For 
example Searles and Kebarle (71), Hogg and Kebarle (82) 
and Hogg, Haynes and Kebarle (73) have found that the 
addition of the fifth molecule of ammonia to NH,” (NH) , 
was characterized by a considerable drop in the enthalpy 
for this addition compared to the general trend which was 
observed for the addition of the first four ammonia mole- 
cules. The authors (71-73) ascribed this to the non- 
spherical nature of the central ammonium ion. They sug- 
gested that the’ first four ammonia molecules are tetrahed- 


rally arranged about the ammonium ion thus completing the 


"inner solvation shell". The fifth molecule was then 
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visualized as occupying a position external to the four 
central ammonia molecules and thus was more weakly bound. 

Similar results using a spherical central ion and a 
polyatomic ligand were observed by Yamdagni and Kebarle 
(74) in their study of the solvation of the negative hal- 
ide ions with acetonitrile. The spatial ee dstri— 
bution in the acetonitrile molecule (cH C= ) causes the 
acetonitrile molecules to "crowd" each other when attached 
to a negative halide ion. This causes "solvation shells" 
to be formed. The number of acetonitrile molecules in 
each shell depends on the nature of the central atom. 

The results using acetonitrile as the solvent differ 
considerably from the results using water as the solvent. 
Arshadi, Yamdagni and Kebarle (75) have studied the sol- 
vation of the negative halide ions with water. In this 
case the authors (75) report that the enthalpy of addition 
of successive water molecules varied smoothly with increas- 
ing number of water molecules thus suggesting that a dis- 
crete "solvent ion shell" is not formed. Dzidic and 
Kebarle (76) conducted a similar study on the solvation 
of the alkali metal positive ions with water. They found 
in, this. system, as in the halide system, that there was) a 
smooth decrease in the enthalpy of addition of successive 
water molecules, indicating) again that there, was not any 
special "solvation shell". 


A decade or so ago it was believed (77-82) that the 
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species H” (H,0) , was of exceptional stability in aqueous 
solution. The four water molecules were visualized as 
being rather=tightly-bound to the proton and that this 
Species behaved as a unit in solution. Kebarle et al (82) 


found (that «the +AH® for the reaction 


coe) oat 


H 0” (H,0) Se (Ori 


: 3 ; ae (ge 2) 


2 
decreased regularly from 36 kcal/mole for n = 1 to 12 
kcal/mole for n = 7 demonstrating that SELON was not of 
exceptional importance (82). 

The work presented in this thesis is a continuation 
of the previous studies from,this laboratory .on .onicesol-— 
vation which were described above. Chapter 4 presents a 
Study ot ithe (solValioneoG 0, with methanol and a compari- 
son of this system with several other systems which have 
been investigated in this laboratory. A study of the 
hydration of NO. and NO,” be .Givenuim Chapter ipchepter 
S.ig an investigation, of the Competitive. solvation oneche 
NH,” LOM With water and. ammoniasand Chapter 9.15.4 7e— 
investigation of the equilibria involved in the formation 
6& the proton hydrates. The nate constants leading, to 
the formation of the proton hydrates H’ (H,0) . Gatge eg Rea 
3, 4) were also determined. A discussion of the literature 


relevant to each system will be given with the individual 


chapter. 
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Pari Nt Requirements of the Apparatus 


Considerablesmodification 1s necessary to a conven- 
tional mass spectrometer in order to prepare the instru- 
ment foro studies: of\ reactions, aty high a0On, source pressures. 
For thens tudysol tonic equrlibriay tae 100 source must be 
Maintained at a constant, accurately known and uniform 


temperature for a prolonged period of time. 


The high pressure in the ion source requires that 
the-aonizing. particles used be of high energy so as to 
deeply penetrate the gas sample. In these experiments 
2 kV electrons were found to be suitable. In order to 
maintain a uniform temperature over the ion source the 
incandescent filament which produces the electrons must be 
mounted sufficiently distant from the ion source so that 
heating effects from the filament will be negligible. In 
the present apparatus the filament was mounted some 30 cm 
PaOmynics won source and the highvenergy) electrons were 
directed. to: the. ion.sounce, by an electrostatic focussing 
Secor sGUtianw Pelhe, design Of sthis «un, is samigbar oO chat 
Eound una cathode, ray, tube. 

In order that the high pressure of gas in the ion 
sounce. does nob unmtertere with the performance of «the 
mass spectrometer a high capacity pumping system is 


requsned,. »ilt, us necessary, to maintain 4 vacuum in gthe 
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mass analysis section of the instrument such that the mean 
free path is much greater than the dimensions of the appar- 
atus. The techniques involved are described in the subse- 


quent isectrons “of .this .Chapitex, 


Zane Improvements in the Present Apparatus 

The study of the kinetics of ion-molecule reactions 
using a high pressure mass spectrometer were initiated in 
this, ,baboratery by Durden, Kebarle and Good (83). in the 
Durden (55) experiment a short (10 ws) burst of high energy 
electrons was delivered to the ion source and then the 
ions which came out of the ion source were electronically 
gated as a function of time after this initial pulse 
before being permitted to enter the mass analysis section 
of the apparatus. The gate width was typically of 10 us. 
After 2 ms it was found that the concentration of ions in 
tie *ron source Nad decayed hy "a factor of Ree tai 
Tiirs was appLOximieteo as Zero CONCcentratron, aid Ene elect— 
ron gun was pulsed again. 

The difficulty with this experiment “1s that when a 10 
fs electron pulse 1s used with a T0"¢sS 10n gate and a Z2 ms 
repetition rate, one may expect a reduction in signal 
intensity of a factor of 40,000 over that which would be 
observed with continuous electron bombardment and ion 
Satip lima. such @ reauctiontin signal™intensity is aimost 


aeemortal blow to the experiment and necessitates” tile per 
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formance of the measurement at the limits of sensitivity. 
This problem and several others arising from this approach 
(drifting signal, excessive time required to perform the 
experiment, and laborious data manipulation) were over- 
come in the present apparatus by Utilizing ion counting 
and a signal accumulation technique. Briefly, the method 
consists of collecting ions of different arrival times 
after the electron pulse in separate channels of a multi- 


channel scaler. 


Zio Vacuum Chamber 

A schematic diagram of the apparatus is shown in 
Figure (2.1). The apparatus has been described previously 
in detail by Arshadi (56) and therefore only a brief out- 
line will be presented here. The main vacuum chamber 
consisted of an 8 inch diameter stainless steel tube which 
Supportedsfour ports. These ports at right angles to 
each other, carried the ion source, electron gun and ion 
acceleration system. ‘The fourth port, @ spare, usually 
supported an ion gauge. The main chamber was pumped by a 
large Onl difiusion pump through) a water-cooled opeical 
barftle which provided a pumping Speed an the plane or the 


ee 


ion source of some 550 1s 
The second chamber which contained the ion acceler- 
ation tower was pumped independently by a second large oil 


diffusion pump. This chamber was connected to the main 
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Schematic Diagram of Apparatus 
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chamber only via the opening in the first electrode of 
the ion acceleration system. The third section of the 
apparatus, the mass analysis section, was also pumped 
independently by a small oil diffusion pump. The only 
opening between this chamber and the ion acceleration 
chamber was the entrance slit of the mass spectrometer 
itself. The slits in the ion source were typically of 
dimensions 1 x 0.01 mm. It was found that with apertures 
of these dimensions and with 3 torr of air in the ion 


; ; -4 
source the pressure in the main chamber was ~l x 10 


torr, in the ion acceleration chainber ~l x 10.7 torr, and 
in the mass analysis section ~1.5 x ioe torr. Ultimate 
vacuum in the apparatus was typically 1 to 3 x a tore 


depending on the history of the system. 


Bia & Gas Handling System 

The gas handling system use:l in the present experi- 
ments has been described previous..y in detail by Arshadi 
(56). The main body of the system consisted of an asbestos 
box (~80 x 80 x 80 cm) which enclosed the valves and the 
main vacuum manifold. The system was constructed of glass 
and stainless steel. The box could be heated electrically 
to ~150°C for degassing purposes. All valveS in the system 
possessed elastomer seals and this presented some diffi- 
culty as the elastomer would absorb polar substances such 
as water and ammonia and degas them only slowly even at 
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The system was evacuated by two indpendent mercury 
diffusion pumps one of which pumped the system itself and 
the other was used to maintain a vacuum on the reference 
side of the manometer. Total pressure was measured with 
an Atlas-Breman MCT capacitance manometer which could also 
be "baked out" for purposes of degassing. The calibration 
of this capacitance manometer was checked from time to time 
against an oil manometer. The flowing gas mixture or 
pure gas used in the experiments was prepared as follows. 
The appropriate major gas from a cylinder was first flowed 


through a drying tower (P.O to remove any large amounts 


a! 
of water which might be present. The gas then passed 
through a flowmeter at a pressure of one atmosphere and 
then through a needle valve where the pressure was reduced 
to the desired value (usually several torr). The gas then 
passed through a coil immersed in liquid nitrogen to remove 
traces of water and other condensable impurities. Reactant 
gases needed at much lower concentrations were added to the 
major gas through one or more capillaries, the tips of 
which reached into the flowing stream of the major gas. A 
schematic diagram of the gas flow system is displayed in 
Figure (2.2).The mixture then flowed through the main gas 
handling system where the pressure was monitored and from 
there to the ion source. The glass tubes leading to the 


ion source were wrapped with heating tape for degassing 


purposes. After passing through the ion source the gas 
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f£¥owed vila cawCapillaryiiwhach’ controlled the flow. toa 
mechanical pump. 

The valves and tubing used to bring the gas to the 
ion source were large (>1/2" i.d.) so that there would 
be a negligible pressure gradient between the manometer 
‘and the ion source. The pressure gradient may be calcu- 
lated from Poiseuille's Law (84) 
ma" (B5* - P on 


hie = | ee ee (2.1) 


M Lonwee te. 
where Dy is the flow (moles/sec) through a tube of length 
2 and radius a, Ris the gas constant, T is the tempera- 
ture and n the viscosity of the gas. PB, is the inlet 


pressure and P, the outlet pressure. The flow rate at 4 


i 
torr pressure in the present apparatus was ~30 cm? atm 
min’ +, Taking the length of the tube as 1m, the radius 
asmdipieciicandethe svas cosity (ar) (asgl S82emicropoise it 
may be calculated from equation (2.1) that the pressure 
difference between the manometer and ion source was<0.5%. 


The pressure reading of the manometer was therefore taken 


as the pressure in the ion source in the present studies. 


Lies High Temperature Ion Source 

The ion source which was used for the studies at 
room temperature and above is shown in Figure (2.1). It 
was machined from non-magnetic stainless steel. In the 
lower part of the one-half inch inside diameter cylindri- 


cal chamber was bored a channel perpendicular to the main 
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axis. A small "hat shaped" flange which carried the elect- 
ron entrance slit [12] was mounted on one side. On the 
Opposite side was mounted the electron trap which also sup- 
ported a small repeller plate [13]. The ions escaped 
through a slit which was supported by a demountable flange 
at the bottom of the ion source. The slits were typically 
1-2 mm in length and~0.010 mm in width. They were con- 
structed by spot welding under a microscope two stainless 
stecirasor Dladesintotposition. (Ail flanges’ were seated 
with gold wire gaskets. 

The ion source was incased in a copper heating 
mantle [10] in which were inbedded "pencil" wire wound 
electric heaters. A current of some four amperes at fifty 
volts would produce a temperature of roughly 600°C. The 
temperature of the ion source was monitored by a thermo- 
couple mounted deep in the stainless steel block. Thermo- 
couples were also mounted in the heater block [10] and in 
the copper plate [14] which carried the shielding screen 
[eLslele 

At the highest obtainable experimental temperatures 
(~600°C) one may question whether or not the ion source 
thermocouple taccurately uretlects TChemgas ‘temperature. At 
these temperatures the ion source glows a beautiful cherry 
red and the major source of heat loss from the ion source 
is radiation rather than conduction through the supporting 
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to double the power input to the heaters to achieve a 
temperature arise “from (500°C tton600eCs “Also the radvation 
causes considerable heating of the main vacuum housing 
necessitating cooling by several fans in order to main- 
tain the instrument at an acceptable temperature. 

The ion exit slits are made of razor blades and 
consequently are very’ thim at the edges. It may be argued 
that the rate of heat loss from the slits by radiation 
is greater than the rate at which heat is supplied to the 
edges by conduction through the razor blades. If, in 
fact, the edges of the slits are cooler than the ion 
source, then the gas near the slits aa be correspondingly 
cooler and as a consequence considerable error in temperature 
determination may result. ‘To test this hypothesis, heaters 
were mounted in the copper plate [14]. A stainless steel 
ring ~3%" in diameter and with a 1%" hole was mounted at 
the bottom of the electrostatic shield [11]. This ring 
could be heated and its temperature monitored independently 
from the ion source. The ring could be heated to tempera- 
tures greater than the ion source so that radiation could 
reach the ion exit slit from below. The argument being 
that this should compensate for radiative losses from the 
slit. “The equilibrium position of a clustering reaction 
is very sensitive to temperature. Thus altering the tem- 
perature of this ring relative to the ion source while 


monitoring a particular equilibrium should provide a sen- 
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sitive test of whether radiative loss from the region of 
the slit is significant. Within experimental error the 
results were negative. The experimental data are presented 
in detail in the chapter on the proton hydrates. Consider- 


able care was exercised to ensure that the thermocouples 


‘ were in intimate thermal contact with the ion source. 


The thermocouples used were iron-constantan, and the 

potential was measured relative to a junction maintained 
at 0°C. The temperature was determined by reference to 
standard tables and the thermocouples were used without 


TurcheENCaLibrativon. 


Pais Low wemperature ton Source 

A second ion source was constructed in which the 
heating jacket [10] was replaced by a cooling jacket 
through which could be flowed a suitably cooled fluid. 
This source was used to study the positive ion-molecular 
reaction in oxygen over a wide range of low temperatures. 
Et was found by passing cooled nitrogen gas through the 


jacket that it was possible to achieve controlled tem- 


peratures in the range 85° - 300°K. 
vie | The Electron Gun and the Pulsang Circuitry 


A schematic diagram of the electron gun is shown in 
Pigune wheel). ‘The design of this=gun 1S similar to char 


found in a TV tube and has been discussed in detail by 


7 ae ae 
3 > age « 5 oad - : 
- 


a)! ul 
to oodpe:. Er mit exp mail te $293 
offs itaie fodnandneens cnc anes agia ot afa' © 


beiuogst 7 o14. 46h lat oanziscexs ae | .witepes aIoW na tuee 


se \-—_Zeia bood lanai 8.4 imarorwe  euz ne tepgpde arte) ak teat 7 


salquvconmaeagdé aff tery osxuats of Beaisrsns esw w1s9 = £ 


a ich) 


avaucm deol aad itiew Jss¢too. Dpinveds Sramsoay az exe 
! > 
dl? Drs ,OGI Mes enoo~Noes Staw DPE esl quoscomed? on wa 

3 — 7 
i. heriuiizsem datddeyt 2 ot eviteled fedvessr sae fetoneroq 


| suneatwiet yd han levers! aew atudatéeqiad sa?  <D°Oeee 


_ - A ‘ ; — . 
ivedtiw | eau) sew esliquoccesSsaA’ ord Ses fetdsd SoAbneTS 
. a 
7 
MVEA Se 1S SHT 
7 - a ss 
> 
: 
7 
7 sutlee nol sxutsregie? woud Py 5 
maces Se othasemek tea 
_ 
_ “an reinw ac betourtenos g6w,sotioe col Baobee a 


s74osf paifue n.uvd baséigey gew [0L) todos! paises 


H.313 heloos yidstive @ Bbewolt sd Biee: doin gous a 


ted ones! oi TE ceva bacq sitt youte 3 Dbseu fav S32 yvpa 


-#8tuss2ogmed wol,Su sonan/ bisiw & Tavo cree ad noiden 
exit eos a6 nsrozi ia ie Ar priersq wo Greer oa 7 
7 “maa bel (ord 6D, Brsitrior ice ‘a fedie pew di al je Ane 
: eave — op: ape = oid mi ea shh om 
oe a) oo io) mn 
yah ee piety pHa Bitty nud agaist a Bi. 


co _—* 


wa aves wk. Hee namtaetS prig iq Re Since’ Aihes ae oon 


im _ ‘ Pe a 
a ait. od relimee. 2 ae ia i 2 a 
- iain ee lia ete ve 5 at a 


rare aki re alle 


? sl : vy 


a, 


35) 


Arshadi (56). For operation with positive ions the fila- 
ment was maintained at approximately ground potential and 
the ion source at +2kV. For operation with negative ions 
the filament was maintained at -4kV and the ion source at 
-2kV. Thus electrons of 2kV energy were used in both ex- 

' periments and the ions were subjected to 2kV acceleration 
before magnetic mass analysis in a 90°, 15 cm radius field. 
Typical voltage settings for the various electrodes are 
given in Table 2.1. The filament in the gun was constructed 
of thoriated iridium and was found to be quite resistant to 
attack by all of the gases used in the present experi- 
ments and in particular oxygen. 

Pulsing of the electron gun was accomplished by 
applying a suitable potential to the drawout electrode 
(nuMbernZ2 Bnakigure (2.1))... GAsbiock diagram of the ycir— 
cuits and instrument is given in Figure (2.3). A battery 
powered pulse generator which could be floated to the 
potential of the drawout plate (-4kV in the case of negative 
ions) was used. The drawout electrode was maintained some 
90 volts negative with respect to the filament. Upon re- 
e6iving anselectrical pulse from a master pulse generator 
the floating pulse generator would alter the potential on 
plate 2 until it was positive with respect to the filament 
for the desired time (4-180 “#s). “This permitted electrons 
to pass from the filament into the focussing and acceler- 


ating region of the electron gun. After the preset period 
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Typical Operating Voltages 


Electrode Se 


Filament 
Drawout 
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Einzel lens 


Deflection plates 
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First Cone 
Second Cone 
Cylinder entrance 
First cylinder 
Second cylinder 
Cylinder exit 


Deflection plate 


Mass analyzer tube 


TABLES 2. 


Positive lIons 


Number refers to Figure (2.1). 
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PIGURE 21.3 Block Schematic of Experimental Apparatus. 
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of time had elapsed the floating pulse generator would 
return the drawout plate to its original potential nega- 
tive with respect to the filament. In this way pulses 

of electrons of known time duration could be delivered to 
the ion source. The frequency of the pulsing could be 
controlled by the master pulse generator and the intensity 
of the pulse by the current passing through the filament 
as well as the settings of the other electrodes of the 
electron gun. The dimensions of the pulse output (time 
and intensity) were controlled independently of the master 
pulse generator and could be adjusted for optimum con- 
disti ons: 

When the electron gun was not pulsed the electron 
beam striking the ion source generally had an intensity 
of several microamperes. The current measured at the 
electron trap in the ion source was some 3 x hee ampere 
under these conditions. It may therefore be calculated 
that in a 10 us pulse roughly 2 x te electrons entered 
the ion source. 

Focussing of the electron beam was facilitated by a 
small pplace, mounted infront of the, electron «entrance 
slit of the ion source. This plate contained a hole of 
suitable dimensions to permit the passage of the electron 
beam to the ion source. The outer surface of this plate 
was coated with a phosphor (Type P-31 Sylvania) imbedded 


in water glass. The electron beam could be deflected 
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onto this screen and focussed to the desired spot size. 

It was found that the magnetic field of the analysing 
magnet would significantly deflect the electron beam. Thus 
ions of different mass would be resulting from different 
electron intensities such that their signals would not be 
comparable. To overcome this problem the electron gun 
and the magnet were incased in a magnetic shield. The use 
of this shielding reduced the perturbing effect of the 
magnetic field on the electron beam to a negligible level 
except at the very highest experimentally accessible 
magnetic fields which were not required for the present 
measurements. 

Thiesions;, aleer Magnetic mass analysis, wene detected 
by a Spiraltron electron multiplier obtained from Bendix 
Corp. The multiplier was so operated that per input ion 
a pulse of aioe electrons was delivered to the pulse 
Biomed aan With a new spiraltron this necessitated a 
voltage of ~2500 V across the multiplier and corresponded 
to the manufacturer's specifications. The output pulses, 
according to the manufacturer, were of extremely narrow 
width (~3 ns) and furthermore the pulses were of a fairly 
uniform size. This has been-attributed to space charge 
saturation of the pulse of electrons as it moves through 
fhettiubestotethe multiplier! (35). githis,as to be; contrasted 
withemultiplierssofrthe conventional dynode structure 


whose output pulses are of rather variable height. Uniform 
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pulse heights allow one to set the gate of amplifier dis- 
criminator such that almost all multiplier pulses are 
accepted while low level noise is rejected. 

The detection efficiency of this type of multiplier 
is expected to be high (86-88). The multiplier detects 
with roughly unit efficiency negative ions which impact 
on the multiplier with energy greater than ~500 eV (88). 
Apparently it also detects positive ions with ~90% 
efficiency (87). The high efficiency for negative ions 
was explained (88) as being due to the ease of the detach- 
ment on impact of the loosely held electron of the nega- 
tive ion as contrasted with the more strongly bound elect- 
rons of a positive ion. 

The pulse amplifier package consisted of a preampli- 
fier, alplicten-and=diSCriminator unit. This amplafica- 
tion package would deliver a four volt 0.25 us pulse into 
50 ohms for each triggering input signal. The amplified 
pulses were then counted with a ratemeter and/or delivered 
to a multichannel scaler (Northern Scientific model NS- 
630). After attention to electrical shielding the back- 
ground noise was reduced to approximately 0.5 count per 
second. 

The time dependence of a particular ion was observed 
in the following manner. The triggering of the electron 
gun and the sweep of multichannel scaler were synchronized. 


In a typical experiment, the dwell time per channel in the 
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multichannel scaler was set at 10 us and 2! = 128 channels 


wereyselected) Whe number tofeions! which! arrived at the 
detector impthe:first 10 ys after the pulse was stored in 
the first channel of the multichannel scaler. The number 

of ions which arrived Grom 10) to 20 us after the pulse was 
Scored gn “channel” 2 and so on tor 128 channels or in this 
case’ 1280 ws. Atter a period of say 5 ms the signal 

head decayed by a factor of oe = iia: and the elecrron. gun 
was pulsed again and the process repeated. This time the 
Signal was added to that already stored in the multichannel 
scaler. In most experiments counting times of 1-5 minutes 


were found to be sufficient to afford a statistically 


meaningful signal. 


28 Time of Flight 

The time required for the flight of the Dons from 
the aon source to the’ detector is finite, thus a correction 
was made. A delay circuit was introduced between the 
master pulse generator and the multichannel scaler. This 
Circuit would delay the triggering pulse to the multichannel 
scaler by an amount equivalent to the flight time of the 
ion under examination. To calculate the flight time, some 
simplifying assumptions were made. It was assumed that 
the electric field gradient’ from electrode to electrode in 
the ion accelerating tower was uniform and was the quotient 
of the voltage difference between the electrodes and the 


interelectrode spacing. Using this assumption and the 
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geometry and potential of the electrodes (see Figure (2.1) 
and Table 2.1)) the flight time was calculated using the 


following expression. 


eE.. 
Ge aS v,t;. 4a tho (2252) 
ij on J 


h 


' where ig is the distance between the i and zie electrode, 


a is the velocity of the particle at the qed electrode, 


E is the potential difference between electrodes i and j, 


ij 


mis the mass of the particle, e the electric charge and 


ae the time of flight from electrode i to electrode j. 
Since 
eH, . 
Yo eet ee ae cei (2:53) 
i i-l m ray 


we may solve the quadratic equation (2.2) to obtain tis: 


The time of flight t 


£ is then the sum of the mie namely 


te = te. (2.4) 
oe Gaile mage 


It was found that 
t, = 1.68ym (25) 


where ty is in microseconds and m is the mass of the ion in 
Andee othe time.or flight of m/e =. 37 is enly 9 tors. sins 
may be compared to the minimum time resolution of the 
Multichannel scaler, which is 10);uSs. Thus the: time ofr 
flight correction is almost negligible and the approxima- 
tions made in its calculation should not lead to serious 


error. The time of flight correction was made in all 
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studies. 
259 Physical Conditions in the Ion Source 
A Number of Collisions of the Ions 


The number of collisions of a molecule per second 


(Zan angas, 1s) given, by 
Fi V2 ne oy ae (2°. 6) 


where n is the gas number density, v is the average velocity, 


and d is the diameter of the molecule (89, p.40). The 


2 Ls bus the collision cross: section. oor 


8 


quantity mtd 
pxy cere de (3)..6. x40) a cipatwo pressure of .lctorr at 

300°K the molecule will suffer about 7,000 collisions in 

a millisecond. 

A charged particle will suffer a somewhat greater num- 
ber of collisions, since its’ collision, cross section us 
larger than that of a neutral molecule. The Giomousis- 
Stevenson (2) cross section for the collision of an ion 
With a neutral. as given in equation (1...5.).., [has express 
Sion predicts collisional cross sections for ions at room 
temperature typically in the order of several hundred 
Square angstroms. Using a value of nats ne it is calcul- 
ated that an ion will undergo some Maye Gollisions ina 
Tiilisecond [or a gas pressure of |) torr at 300 °R Arier 


such a number of quenching collisions the ion should be in 


the ground state. 
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In most equilibria measurements, conditions were so 
selected that the ion ratios became constant after some 
100 us and were observed not to change up to reaction times 
in the millisecond range. The ion ratios should therefore 
reflect the thermodynamic equilibrium ionic population of 
thermal energy species because of the number of collisions 
that an ion may undergo in this time interval. 

The kinetic measurements which are described in 
later chapters in this thesis were usually determined some 
100 us after the initial electron pulse. Since the ions 
may be expected to undergo some rie collisions in 100 us 


these species should also be in the ground state. 


ye Ion Sampling 

Previous experience in this laboratory (71, 72, 73, 
90) has shown that serious problems may arise when sampling 
from a high pressure ion source. Using high pressures (20 
torr) and large orifices (0.1 mm) flow through the orifice 
becomes non-molecular and serious distortions of the ionic 
population may result from cooling effects and collisions 
in the expanding jet of gas. The cooling in the jet will 
cause the growth of large clustered ions while collision 
ef the Wonsiduring <icceleration inte the mass ‘Spectrometer 
will dissociate larger clusters into smaller ones.Previous 
experience in this laboratory has shown that molecular flow 


is best»suited,.(90):. 
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This means that the dimensions of the orifice 
(1 x 0.010 mm) must be comparable to the mean free path, 


that is, the average distance a molecule travels between 


successive collisions. The mean free path i, is given by 
peaeeere (@.7) 
Y2ntd 


where n is the gas number density and d is the diameter of 
the gas molecules in question (89, p.40). The mean free 
path in oxygen (d = 3.6 x 107° om) at 4 torr and 300°K is 
0.015 mm. Thus flow through the orfice (1 x 0.010 mm) 


should be near molecular. 


Cy Charged Particle Recombination 

The sum of all positive ions in the 10n source may 
be depleted by diffusion to the walls and by charged part- 
icle recombination. The most important type of charged 
Particle recombination for positive ions 1s ton-electron 
recombination. The half life for recombination may be 


calculated from the expression 


a 


aves (an) (2.8) 


wv 


where ais the ion-electron recombination coefficient and 


; + 
ne is the density of electrons. For the ion 0. 72 = 


q ‘gp pecaull 


1.7% 10 em’ molecule ~ 5 (89, p.610). The parameter 


ne is somewhat more difficult to estimate. 


The number of primary ions per electron is given by 
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TRAE = Qnl (272.9)) 


where Q is the ionization cross section, and 1 is the elect- 
ron path length. The distance from the electron beam 
entrance slit to the electron trap 1 is ~l cm in the pre- 


sent apparatus. At a pressure of 4 torr and 300°K, n = 


lax 1026 molecules ao The ionization cross section 
of 0, for 2000 eV electrons may be taken as 5 x 1007) seme 
(91). Thus from equation (2.9) ~6 ions should be produced 


by the primary electron beam, assuming that the electron 
energy remains constant. Assuming that some 100 eV are 
lost per ionizing collision (92), one would expect that 
the final electron energy will be around 1400 eV. At 
this energy the cross section is larger but not signifi- 
cantly so. However for each ion a secondary electron will 
also be produced. The average energy imparted to these 
electrons is about 70 eV and each electron is expected to 
generate about two extra ions before being degraded to 
Oe energies (92). Thus each high energy electron which 
enters the ion source should produce about 15 ions (at 4 
Lon) ene cn ore LeCtron pulses-2. x 100 electrons 
enter the ion source and therefore ~3 x Te ions should be 
generated. 

To calculate the initial density of ions, assumptions 
must be made concerning the volume in which they are gener- 


ated. The total volume of the ion source is about 1 cm, 
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however the ions are not generated uniformly over this 
volume but instead along the path of the high energy elect- 
ron beam. The distance from the electron entrance slit to 
the electron trap is 1 cm and the dimensions of the 
electron entrance slit is 1 x 0.010 mm as was mentioned 
previously. If the volume in which the ions are generated 


ZS taken!) to bey 1.0 x 0.2 x 021 ae = 2 x tone one then 


thesinveral density of donsmis 15) x Ge com>, Ties el Se cel 
Maximum density because the volume of generation is increased 
as the second electrons ionize. From equation (2.8) the 
half life for ion-electron recombination in oxygen is cal- 
culated to be ~4 milliseconds. The half life for dis- 
appearance of the positive ions in the system may be seen 
from Figure (2.4) to be about 0.2 milliseconds. Thus ion- 


electron recombination should not be a significant loss 


mechanism in the present experiments. 


Da Temporal Behaviour of the Ions 

Figures (2.4, 2.5) show the temporal profiles of the 
major positive ion (H” (HO) ) and the major negative ion 
(NO, ) observed in a mixture of 4.17 torr methane and 40 mtorr 
water containing variable amounts of ethyl nitrate at 127°C. 
The clustering reactions of water about the ions in ques- 
tion under these conditions are sufficiently rapid that 
the given profiles are a good approximation to the behaviour 


of the total positive and negative ion signals. The results 
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6) 1.0 20 
TIME (milliseconds ) 


FIGURE 2.4. Time dependence of total ionization of positive 


and negative ions in 4.17 torr CH, containing? 40 atour HO 


and trace amounts of C,H.ONO,, eee S27 ° Cee IOs inves dons 


(H” (H,0) ,), @ negative ions (NO). 
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0 1.0 2.0 


TIME (milliseconds) 


FIGURE 2.5 Time dependence of total ionization of positive 
and negative ions in 4.17 torr CH, containing 40 mtorr HO 


and a few mtorr of CoH.ONO,, T = 127°C, + positive ions 
TATE ota ® negative ions (NO, ). 
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displayed snr Wagures: *(27 472.5) were@obtained by mars 
observing the positive ion signal and then altering the 
instrument for the observation of negative ions. This 
procedure requires roughly one half hour. In Figure (2.4) 
the positive and negative ions decay at nearly the same 

' rate but not exactly. This is believed to be caused by a 
slight drift in the total pressure in the ion source dur- 
ing the time interval required to change from the obser- 
vation of positive to negative ions. 

The relative intensities of the two signals are 
qualitatively comparable. Thus the area under the curves 
approximately reflects the observed ratios of the ion 
Signals. As can be seen the two signals are similar when 
substantial amounts of ethyl nitrate are added, but the 
negative ion signal is much less when only trace amounts 
of the nitrate are present. Qualitatively this is to be 
expected, ‘however , -ene=shouldenetsettach top tooemuch 
Significance to the absolute intensities, as they may be 
greatly influenced by unknown instrumental factors involved 
in switching from the observation of positive ions to 
negative ions. In Figure (2.4) the positive ion signal is 
observed to decay initially quite rapidly and then at 
~500 us there is a break after which the positive ion 
signal decays much more slowly. The negative ion signal 
on the other hand exhibits a completely different temporal 


behaviour. The negative ion signal is initially zero and 
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then at the transition point (of the positive signal) 
rises to a maximum in intensity and afterwards decays at 
the same rate as the positive ion signal. 

Figures (2.4, 2.5) show the effect on the temporal 
profile of the addition of small amounts of ethyl nitrate. 
Ethyl nitrate has a large cross section for the capture or 
thermal electrons (93). As the concentration of ethyl 
nitrate is raised the transition occurs earlier in the 
decay of the plasma. 

Qualitatively the observations may be explained in 
the following manner. The high energy electron beam when 
passing through the gas in the ion source initially creates 
mainly positive ions and the corresponding secondary elect- 
rons. These electrons will then cause further ionization 
and will be degraded by inelastic collisions to near 
thermal energies. Very few negative ions would be formed 
initially as the cross sections for the capture of a high 
energy electron to form a negative ion, and for the forma- 
tion of negative ions by pair production processes are 
expected to be small (89, p.382). In the initial stages 
then the plasma consists mainly of positive ions and 
electrons. 

Electrons have a mobility which is much greater than 
that Of stne ons (697 pi el2).) sConsequently the electrons 
move rapidly to the walls of the container. However, as 


the electrons move away the positive ions are left behind. 
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This creates a "self field" in the plasma which restrains 
the movement of the electrons, and "dny tregative 1ons. The 
positive ions and electrons then diffuse together under 
the influence of their mutual electric fields. The dif- 
fusion of charged particles through a gas which is con- 

. trolled by electrical forces between the particles is 
referred to as ambipolar diffusion. Ambipolar diffusion 
becomes important for charge densities greater than about 
10’ cm? (89, p.512). Below this level, the charged 


particles are sufficiently distant from each other that 


their mutual electrical forces are small compared to 


thermal energies. 


The ambipolar diffusion coefficient De is defined 
(89, p.513) by the equation 
+ - -_,+ 
D. oe a — a (20s 
Ko + K 
where De and D are the diffusion coefficients of the posi- 
tive ions and electrons respectively, and K" and K are 


the mobilities of the respective species. Using the 


Einstein relationship (89, p.514) 
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During the period of electron-positive ion ambipolar 
diffusion one may expect that the positive ions reaching 
the exit slit will be abundant while the negative ions 
will be restrained by the electric field and be of low 
abundance. With time more electrons and ions will be dis- 
charged at the walls until eventually the number density 
of electrons is no longer sufficient to maintain the 
electricyfiold. hic wcol lapse OLetneselectricutiielamis 
evident in Figure (2.4) at ~500 us. At this point the 
negative ion signal rises very sharply and afterwards the 
negative and positive ion signals decay exponentially 
with the same frequency. After the transition point 
diffusion is presumably dominated by negative-ion-positive- 
ion ambipolar diffusion (94). At this point the ion 
density is expected to be rather low so that free dif- 
fusion may be dominant. 

The addition of ethyl nitrate moves the transition 
Boint to, sanlier fapessin. the atterglow (Figures 2.5))). 
The addition of ethyl nitrate will cause a rapid conver- 
sion of the electrons to negative ions, since ethyl 
nitrage has a large cross section for the dissociative 
capture of thermal electrons (93). The electron density 
is rapidly depleted and thus the transition point moves 


to earlier times in the afterglow. 


There are, however, two observations which are not 


completely consistant with this simplistic analysis. 
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First, the diffusive loss frequency before the transition 
point is expected to be twice the loss frequency after the 
transition since D= ABER in Figure (2.4), the slope of 
the positive ion signal before the transition point should 
be twice the slope afterward. The ratio is however ~3.5. 
The value of the ratio is greater than two for all experi- 
ments which have been done with this apparatus. The ratio 
appears to be somewhat pressure dependent but the deter- 
Mination of the slope is a rather subjective process, 
particularly before the transition. The diffusion coef- 
ficients for the positive ions in the two regions should 
differ by a factor of two and consequently a discontinuity 
in the positive ion profile is expected (94). This dis- 
continuity is somewhat "smeared" in the present experi- 
ments. 

The inconsistencies mentioned above are not serious 
but reflect the non-ideality of the present system. The 
discussion concerning the ion transport in the plasma and 
in® particular >the ratio of the» loss» frequencies before, and 
after the transition is predicated by two conditions. First 
the electron, gas and ion temperatures are assumed to be 
Squivalent .tpithei variation of: the) pesativerion-electron 
ambipolar diffusion coefficient with the electron tem- 
perature is given by (89, p.513) 
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where Be and T; are the electron and ion temperatures re- 
spectively. As can be seen from (2.13) an elevated elect- 
ron temperature will lead to an accelerated decay of the 
ion concentration before the transition. It may be that 
the electrons have had insufficient time to relax before 
the transition and thus the ambipolar diffusion coefficient 
is larger than would be expected when Nes = T. = as 

The second assumption involved in the treatment of 
the ion transport phenomena is that the charged particles 
are "smoothly" distributed over the volume of the ion 
source. However, the ionizing electron beam enters the 
chamber through a narrow slit and may be expected to pro- 
duce initially a thin "sheet" of ionization. The time 
required for the distribution of ions to relax should be 


roughly the average time required for the ions to diffuse 


to, the walls whichyis,given by.(89,p. 493) 


ee 5 (2.14) 


The distance over which the ions are to diffuse, x, may be 
taken as the distance from the plane of the electron beam 
to = thetion@exit Slit*which” isabout* i-mm? PTaking Dp ="10 
om” a7 th aVtypreal@valte fora *diatomre+ion at "4" torr 
pressure at-s00°h) GPis*calculatedPtosbe roughly ammrtii= 
second. It may be that the relaxation of the initial 


distribution of ions contributes to the anomalously high 


rate of decay of the positive ion signal before the transi- 
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2.0 Normals zation of the Deta 


As..can ibe seensirom Figures (2.4=2.5) ‘the total ion 
Signal varies with time. To facilitate data analysis, the 
ion intensities were "normalized". That is the ion inten- 


Sity of a given ion at some time t was expressed as a 
percentage .or .ayiraction.of,the total 1onwintensitys, Thus 
the normalized ion intensities appear as if they represented 
ion changes in an ion source in which the total number of 
ions remained constant. Without this simplification, it 
is almost impossible to analyse the experimental data for 
kinetic parameters. This assumption is not involved in 
the determination of equilibrium constants. 

The normalization procedure involves some approxim- 
ations however. It is assumed that all loss mechanisms 
other than ion-molecule reactions affect all ions equally. 
Charged particle recombination phenomena are a negligible 
loss mechanism in the present experiments as has been 
shown previously an this chapter. Diffusion 1s not a 
negligible process and the normalization procedure assumes 
that the diffusion coefficients foraall i10ns are equal. 
This is incorrect as diffusion coefficients are dependent 


on mass as given below (89,p.435) 
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where u is the reduced mass of the ion and neutral gas mole- 
cules. Diffusion coefficients are probably not greatly 
different for the ions which were studied in the present 
experiments (89,p.435). 

In most of the experiments in the present study the 
TaAtotOtyceplei om Ofriapparticular ion by ion-molecule re- 
actions is’ much faster tham the rate of loss by diffusion. 
TRUS di fLusion mn many Cases 1s agminor contribution, to 
the all over loss frequency when compared to ion-molecule 
reactions. Lt is concluded that the normalization pro— 
cedure does not introduce serious error into the experi- 


ment. 


2.11 Determination of the Thermodynamic Parameters from 
the Equilibrium Constants. 


Consider the equilibrium reaction 
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After the achievement of equilibrium in (2.16) the equil- 


IbYLuMm Constant for the (n-1),n) reaction Leper is given by 
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where P,, is the partial pressure of X. It is assumed in 
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this study that the ratio of the partial pressures of 


7 > 


‘~2 
-f “~ 64 
«it wT a! : 
er : le 


ie EBD Te un lis aor aia Yo aebit in Suoubwk ‘Hd ai 4 8 
ag ats sinoiniateos aot anata ate 
iio telw mao ond tot anasert ib 


- 
a, yidserp ton ds ~ 
theesig ety leaden % SusW 


si 


, ats youte +A6ee%q. att «ai arusiirregee ors 20 seom at ; 
; 


taivetyiad & YO gektefqsh te ate 


BED. GOB) arinet towne 


7 


‘$4 edd ners thee Aden BL eno £208 - 


~~ sfpoalom=mot ya noz 


af esaad yoRm -n4 folteutt £5 exc | - 


; .nofeottiS ved eat to ‘6: 
a a3 ro sawed sze ROD Fonte 5 


“iwieiaw-Od of be sate ta her yoroupes? # aol ae | tits a 


~9Ig npiveass BeOS safe te? bebsetonoy git ot ang ROBOT | 7 


7 
a —toet ies oAy SeRE XOtss adoltae sdehoAh Jon aeah oubed. _ 


7 7 
= = 


' .irem 
7 a 


enc 2 24 9t8mhated SoBe rybonrs ent on iat 1¢ ooitsnjossysd 
aaa anes —+ a a 


a¢eui sane eae aris 
reine peeemennmniiy Meiiaad 


_ 
, ’ ee 
a 


ROIS Bo eras des a 323 tehteried | 


abo | gs | vr ‘ 
Le wi . ) ye « eg 8 oe jag? A 
é . 2 & Lf ‘ 
_ Sep wd (at.8) at naaiel pus t Shes +> to aTnSre~ athop elit ped A 
. i nbidons: (mtn) ard i0% 3Ae2 alia river tdi 


7 A) : 
— 
a f= ft | _ 7 oo 
alae id Bekiet sit ite ak yt oe 
ertt tolorn: ont ti id ou =: 
_ i : 


i 


i 
_ 
7 


58. 


the ionic species may be approximated by the ratio of the 


observed ion intensities at equilibrium. That is 


|e pes 
Sk ot ee fGen) (2.18) 
Baa phy) 
A Bat A Poa 
,Sso that equation (2.17) becomes 
fi 
+ 
co 
Rein = r= Se (2219) 
AD «5B wie 


The free energy of reaction (n-1l,n) is then given by 


AGP ieca abe Sade a (2.20) 


where R is the gas constant and T the absolute temperature. 


The expression 
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when combined with (2.20) yields 


Ae ae eee 
log,, K 2 = et 
T 2.303°R 
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WHiCh “Ls a. form of vant Hott s relationship. Thus? from a 

study of the dependence of the equilibrium constant K-1 é 
Ul 

on temperature one may deduce the thermodynamic parameters 
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sis wt The Clustering Equilibrium N + 2N, —3N + N 
2 2 4 2 
and the Bond Dissociation Energy of Ny 


Soil Previous Work on we 
The clustering of nitrogen molecules about the No" 
ion in the reaction 
yan Pee oan (321) 
2 2 4 Z : 


has been extensively studied with regard to the magnitude 


Of the, forward rate “constant (95). “Values cf 57 to 3x Tata 
cm® molecule ° as were obtained by several authors. Thus 
the magnitude of the forward rate constant has been est- 
ablished with some certainty. This is not the case for 
the reverse reaction, or the position of the equilibrium. 
Knewstubb (96) has reported an equilibrium constant 

oe 

K = <eoTe = 75 (322) 
ange aNy 
P= 29o Ky standard state = 1] torr 


However, previous work in this laboratory by Durden, 
Kebarle and Good (83) has demonstrated that the value of 
Knewstubb must be too low by several orders of magnitude. 
The literature reports considerable disagreement as 
to the bond energy of Nee Varney (97,98) has Studied the 


mobility of No” and Ny in hitrogen using a dritt tube 
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60 oF 
apparatus. He calculated the extent of dissociation of 
+ Tees an, : encag 
N, from the change of ionic mobility with the variation 


in E/P, (E being the electric field strength and eee the 


ore Ea = Per ha x27 Oi) fa LOM 


reduced pressure of N 
the extent of the dissociation he deduced an equilibrium 
constant K. Varney also proposed a relationship between 


the ion temperature T; and the E/P, ratio of the form 


T; = Togas + ak /P | (P3275) 


where a is a constant. A van't Hoff like plot (1nK vs 
1/T; ) was used to calculated a value for the dissociation 


ss ‘ : 
energy D(N. - N.) 2 -AH. However two successive appli- 


2 
cations (97,98) of this technique lead to values of 


zie 
2 


basis of an approximate SCF-MO treatment obtained 


D(N - N.) of ll svand. 20 Keal/mole.. Conways (99) von the 


5 >) ~ 35 kcal/mole. In order to determine 
and to put the previous measurements from this 
laboratory on somewhat firmer ground a study of reaction 


(3.1) was undertaken. 


ae Method of Measurement 


The experiments in nitrogen were done before the 
development of the pulsing circuitry described in the 
experimental section. In this experiment the gas in the 
ion source was irradiated continuously with high energy 


electrons and ions were sampled continuously from the 
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system. It was assumed that the ratio of the measured ion 
intensities reflected the ratio of the partial pressures 
of the ions in the ion source. The equilibrium constant 
for reaction (3.1) was calculated using equation (2.19). 
Van't Hoff's relationship (see section 2.11) permits the 
evaluation os--\ne- D(N,” - N,) from the variation of the 


equilibrium constant with temperature. 


eee Materials Used 


The nitrogen used in the experiment was 99.998% pure 
(Matheson, Prepurified) and was passed through a 
liquid nitrogen trap to remove any water or other condens- 
able impurities before being flowed through the ion source. 
A small (<5% in all experiments) or Signal was observed. 


This impurity is not believed to significantly perturb the 


results. 
3.4 Results and Discussion 
As a test that the measured In +/Iy + reflected the 
4 2 


equilibrium ratio at a given temperature a study of the 
variation of the equilibrium constant K with pressure 

of nitrogen gas was made at each experimental temperature. 
The results of this study are shown in Figure (3.1). As 
can be seen the equilibrium constants are independent of 
the pressure of nitrogen within the scatter of the experi- 


mental data over the pressure range 2.5 to 6.0 torr. 
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nitrogen pressure. As may be seen K is independent 


of the nitrogen pressure at the various experi- 


mental temperatures (°C). 
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Shown un Figure (3.2) is a vant Hoff plot of the data 
which leads to the thermodynamic values for reaction (3.1) 
as presented in Table 3.1. 

It is the paramount assumption in this study that the 
measured ion ratios reflect the equilibrium ion concent- 
rations. In this experiment this assumption may be subject 
to considerable question specifically because the measure- 
ments were done at high temperatures (450°-600°C) where 
the forward reaction is slow but ionic diffusion to the 
walls is{tfest.. 

In a later chapter in this thesis there will be 


presented a study of the kinetics of the clustering reaction 


“ + 20. —— _ 0O s + O (3.4) 


> pane NA 2 


in the temperature range 90-350°K. It was found in this 
study that the temperature dependence of the forward rate 
coefficient could be adequately expressed in the empirical 


form . 
| oe ee ee 3.15) 


Assuming this as a reasonable form of the temperature 
dependence of (3.1) and using Durden's (83) value of 
8 x 10772 cm® molecule ~* s + for the forward rate of (3.1) 
at 300°K? 4a half lite %ot “the forward reaction of (3.1) at 


~500°Ce and 4 torr of nitrogen may ebe calculated to be 
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1.3 14 
1/T x 103 °K"! 


Van t Hott plots of the data or 
eg 
2~=— 4° 


PEGURE 3.2, 
‘ : “ 
PaguLce ((3.0)) fom the reaction N, oN 


The thermodynamic data from this pLoOe is 


Summarized an Table 3.2. 
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TABLE 3.1 


Thermodynamic Parameters for the Reaction 


+ + 
No aF 2N, ——. Ny + No 
=An. > D(N,” : nN.) EAGe Le se hess” Ka 
22.8 195 Tee eee ee 
75 
Ps 
20 
255 


a In kcal/mole 
b In entropy units 
(es Standard state 1 atmosphere, T = 298°K 


d Standerdustate i.) ‘torryrie= 29:8°K. 
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sented later) which was done at temperatures comparable to 
the nitrogen study and which had the benefit of the puls- 
ing circuitry it was found that the total ion signal 
decays very fast at these high temperatures - much faster 
than had been believed at the time when the nitrogen 

study was performed. From the ion decay curves in the 
proton hydrate system it may be estimated that in the nitro- 
gen system the average ion was probably in the ion source 
for only some 200 ys. This exceeds the estimated half 
PUECTORNthe) forwalGereactionof.(3.1) iby only a factor 

GES Loucs | Thus not too Ssate=a7margin 1s) tert ‘for yene 
establishment of equilibrium particularly considering that 
the estimate of the half life may be regarded as rather 
questionable. 

However, the values of K displayed in Figure (3.1) 
eqreespond tor reaction (371) going only partially to 
completion. Thus after one or two half lives the reaction 
may be quite close to equilibrium. On the basis of this 
argument and the experimentally observed pressure inde- 
pendence of K, 1 is’ concluded that the reported value 
fox AH is not seriously 1n enron. 

The value of D(N,” - N,) ~ -AH = 22.8 kcal/mole 
compares favourably with the latest determination by 
Varney (96). The value of AS ="-1975 ‘e.u. “for reaction 
(34) May be compared to the value of —20'.6 e.u. obtained 


by Durden, Kebarle and Good (83) for reaction (3.4). 


7 : i. : oe 
ae er ee 
: ay sldateqmos eauudexogmes Je anob ace. ifs) ti (a 105 
; “giuq saa 70 + ¥edied aro Bsa: riositen! bas = oF 2 mC 
Ae lenpie nor ‘taesed ads ged Srarot at 
. tages? down - asviiteusgnes deid eeort vs ae al 
nsponsin odd now Smit ofF T5 bevsited Ox ole ns! 
ert as gdavis yeosb wot old moxt ibemiotxaq ew ‘wee 7 
iT Gta in otis ni agdd hesamiszes sa vin tr metjeve ated cmuert _ 
ao%doe nok sid i160 ytdsdo%a saw moi spetsvs acs maveva aoe | 
4 laa boseiLes2e, silt abssoxs 2id? ey AES oxve yino — 
; todos? 6. via ed (f.£) to noigewsd| Bastia’ ang to ont ; 


ord xeO?. eb ad ip2sm's aise oot Jorn end? —_ * 


J604> pi iteds eng qorelusitnsg- me Wadi dep, to Soomuietidasas 
7 
' Teaidet 26 iébaepex ad mam stil tind edt to stemites ot 7 
. | | .eideno:tseup: 
(AG) opie tt nt See Wh to seuaay ent . Tevewoll 7 


7 
vl iptzssy yiac’ pai rop eae ei / (no ietonet ot bnoqas2t99 


- 
4 


J 


aa 
: AoOtsoner. offs earth tied owt 16 ive edie aperit eres 
. _ 
Kerth To siesd rit oP) hint peat) - sella ot tup od oon 
- i } * a 


~ Fiat siesaag peeerers vlissosinkvegeo srix bis — 


ee 10940 rar BuoLie@ ton. of ae be 2 


glom\ Seo a ae Hd- so Padeed <8 adil on : 


anplev bso ~oqpB't dime +8n5, pabytonor Bist ye % soasbas 


yd rotate Yeo a ck a . gan sqgmoD 


- 
aoiiosoy Od W, ef si ze 
ae ee 
| etinado Hes ( . vs to ne Si hav al ia ft edhe ae ane ae 
: (he) . of ical oi! an boon & sic +a f cs neo" 


<i 


67. 


Thus the thermodynamic values presented here appear reason- 
able, ~The "AG(298) = =W7eiikcal/mole (standard state 1 
atm) leads to K(298) ~ 4 x 10° (standard state 1 torr). 
Thus the value of K(298) = 75 reported by Knewstubb (96) 
appears to be in error. The N a observed by Knewstubb 


2 


presumably arose from non-equilibrium sources. 
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IV. Kinetics) of Reactions Leading to 0, (H,0)) in Moist 


Oxygen 


4.1 PV enooucrLon 

The reaction of 0. with water is probably of im- 
portance in the negative ion chemistry in the earth's lower 
ionosphere, particularly in the D region. The low tempera- 
tures (~200°K) moderate pressures (torr range), and 
presence of trace amounts of water at these altitudes 
ensure that any stable positive or negative ion will be 
hydrated (100). 

In this laboratory, Good, Durden and Kebarle (61) 
performed a study of the kinetics and mechanism of the 
formation of H” (H,0) | in moist oxygen. It was thought 
that a study of the negative ion-molecule reactions in 
moist oxygen would not only complement the study of 


Good et al (61) but would be of interest in the ion 


chemistry of the D region. 


4.2 Experimental 

In order to determine the kinetics of the cluster- 
ing reactions of water about the ion oO, , it is necessary 
to introduce oxygen into the ion source containing small 
but accurately known amounts of water. Water, because 
of its polar nature is readily absorbed and desorbed from 


the walls of any container. Consequently an attempt to 


prepare a static mixture containing known trace amounts 
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69°. 
of water will fail. This difficulty necessitates the 
preparation of such mixtures in a flowing system. The 
flowing system has two distinct advantages. First by 
continuously renewing the gas in the ion source with a 
fresh sample, problems related to the accumulation of 
impurities in the ion source are largely eliminated. These 
impurities could result from degassing from the ion source 
walls, or from the ejection of impurities from the metal 
walls of the ion source upon electron bombardment. Second, 
the flowing system permits an equilibrium to be established 
between water being absorbed onto and being desorbed from 
the walls of the apparatus. 

The partial pressure of water in the stream could be 
determined by measuring the moles/sec of H,0 added to the 
major (carrier) gas 07 whose flow rate was also measured. 
The partial pressure of water in the ion source was 
obtained from the following considerations. Equation (4.1) 


based on the ideal gas law 


p = gRI (4.1) 


relates P, the partial pressure of water, R the gas con- 
stant, T the apeotaee temperature, M the molecular weight 
of water, V the total volume of gas swept through the 
system in some time interval and g the weight of water 
introduced into the flowing stream during this time inter- 
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The volume V of gas passing through the system is 
then given by 
AGO" sie 


Ptotal 
where f is the flow rate of oxygen measured at 1 atmos- 


phere, t is the time and P is the pressure of the 


wotad 
major gas (O.) in the ion source. In all determinations 
the content of water in the major gas was <1%, thus its 
contribution to the flow is negligible compared to that 
of the major gas. Combining equations (4.1) and (4.2) 


we have 


Pp = GRIP otal (4.3) 
FOO UMEEE 
Equation (4.3) assumes that the minor component (HO) and 
the carrier gas (0.) travel at the same speed. This is 
the usual assumption made for viscous flow. 

As mentioned in the experimental chapter, water was 
added by a capillary from a small thermostated bulb of 
liquid water. In order to reproduce experimental results 
it was necessary to warm (with heating tape) the jacket 
which surrounded the capillary to a temperature which was 
above the highest temperature to which the water in the 
bulb was to be heated. Without this precaution the water 
vapour would condense in the capillary or the tubing 


leading,.to ithe capi lbary. »Thisyswould result ah, meaning-— 


less weight loss measurements. Also the rate of water 
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introduction would be highly erratic as small droplets of 
water would be forced through the capillary. 

When the partial pressure of water in the carrier 
gas was desired to be less than 10 mtorr it was found that 
the rate at which water was lost from the thermostated 
bulb was prohibitively slow. Furthermore, trace amounts 
of water ~0.2 mtorr were always found in the gas passing 
through the ion source even after careful baking out of 
the apparatus at 150°C. This was attributed to outgassing 
from the elastomer seals of the valves of the gas handling 
system. These difficulties necessitated the use of an 
alternative method for measuring the partial pressure of 
water at low water concentrations. In almost all of the 
determinations performed in oxygen the achievement of 


equilibrium in the reaction 


O5 (H,0) 5 te HO ae 05 (H50) 3 (4.4) 


could be clearly observed. The measured intensity ratio 
of the clustered ions could be related to the partial 


pressure of water as follows: 
if os 
O (Ha©) 
K eS 2 oe ee EN ATO (4.5) 
Pipe 7 Pp 
O75 (H50) 5° HO 


T= 300.5 °K, Steandara state lI EOrnr. 
The value @f,20 for K, 3 was determined in a number 
t 
of calibration runs where the partial pressure of water 


was known from weight loss measurements. The results of 


xsitreo ent 


js Snvot ew pene: ora Si 
sey sracmehy exe mex 4208 om 
arnuoms sostz ,SKOmaIedtAOT «Wo 
poleesg 26e end. oF brvot eyewis sxsw) sow $.0e tedew. do : 
to, tuo paiisd.utercs 1adie neve Sozv0R aot eit Mpwouts | 
pnieesptue o7 Bejudiatte esw eid? .O°0¢L ds eudategge eat) 
pnilfasd aby edd 76 eavIBV ord to siege xemoteste edd mozt +)” 
née to oa Sit Bsistiazescen asitluvis3ib eseAT ,mateye 
to oaomeliis isttasq ott potsaesem 10% bodtam ovissnastis 
sit to lis ¢eomls ni .anofistinashoS tegsew wol 35 ts76w 
lo tnohigyadtios oft nepyxo oi bemrotveq esol7saimiedeb 
noitoses oft.al mudxdiflupe 


— ns at 
(wie) gee gO Ses OCR + gAOeHY 90 
colts: ytisnsgatybeinessn sir ;hevapeda. ylraeto. ed Bigos 
a ad ies Brot Sexstaulo — 


ieee 


these calibration runs is shown in Figure (4.1). ‘The 
dashed line at Oe = 20 represents the value of the equil- 
ibrium constant measured earlier in these laboratories by 
Arshadi and Kebarle (101). Since the agreement between 
the presently observed value of Lone and the previous 
determination was satisfactory, the value of oe = 20 was 
adopted in the present work. It is gratifying to note 
that the experimentally determined equilibrium constant 
remains essentially independent of water pressure over a 
factor of ~500. The observation that the equilibrium 
constant was invariant over such a wide pressure range 
is taken as evidence that it is reasonable to assume that 
the measured equilibrium constant is independent of 
experimental artifacts. It was then assumed that the 
equilibrium constant method of determining water pressure 
will remain valid as the water pressure is lowered to 
the mtorr range, and that equation (4.5) will permit the 
evaluation of the partial pressure of water. 

In experiments in which very small amounts of water 
(<1 mtorr) were used it was found that the position of the 
equilrvbrium in reaction (4.4) was so far cto*the “lertthat 


the intensity of O, (H,0) 3 could not be satisfactorily 


measured. However the equilibrium 


O. *H.O + H.O — O 


could be observed clearly under these conditions. Using 


«SY qn ; i 


finewred txsneerpa oA sonis 


u conn aloha bene ‘ieasieen 
seo rveto Sit bins e oe 20 spl ev Sawisado yisaneenq, ct 


mow OS . oA to sufev sia yyiosostelise Zev roids ct horxstob 
yu 7 - - 


: stom o2 palytitety Bi +1  axdwtuemstq ext nt bagqobs 
,, jostanos miltdtkivps beniimesteb vileinemiiequs ace tedt 


4b tove s1wadeug wesaw Te anebasqsbalr yileitneese. es Smear 
wii iditanes <df yade ugtvysvyords oe? .00@- 99 tes0ET 


a 


7 ; 7 = ; -_ 7 
7 apis siveqotq Sbiw s,adoue asva sasiapynt saw tostenoo 


jus snuesa. ot slidsaoekeyal 25 tard aoniebivs af moist eb 


7 ‘4 nae he te _ 
A . 


| to snsbregebab ef daetsaco misdififupe betvaren os 


- eis taeda bompeas. nants. asw at qinetitie inom} sageo 
7 a 
7 ctuessiq sony enéniorrssab to bopssa snechsa00 auirdi.L tops 
— 
-_ ot bo ewol ei “etvesstq.veisw odd ss Datsv aiomex tik 


, ent simusg LEtw (out) nettayps Jad? Boe ,epasr ticim odd 
6 z = 's _ 
. .16ds8W 39 stueestg fatidweq- edd to. noissutevs 
oe 
7 hi . 4 wy 
~etew to cinvons Ileme vase sotnhw al einembxeqxe al 7 : 


sia Yo noitlaog erg fiesed bao oe +t aos stow (209m 4 ayy 
dort tisl edt OF “68 Oe 2Bw (ob), ‘panini ni us bel 7 
aaa doer p1esp tog “¢2 to yer teas ik 4 oy 


Ve i Papert y en Pre] patie 


: | . _ + : - 
Li gape * mae ost 


| pniel tne tebeies po: aeerlt 
: 


_ 


- 


> 


73. 


10.0 | 100.0 1000.0 
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ELGURE 425). pgbeterminathons ofGthe value of the equil- 


brim constant K for the, reaction ,O . (A O) + H.O —— 
4,3 Z a aD 2 -_— 


O, (HO) , at 300;5°K. Experimental points are the 


Present results. “Dasied Tine obtained from vant Hott 
plots in earlier measurements in this laboratory (56,75) 


at higher water pressures. 
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the expression 


oh mee 
K ee oe = 1600 (4.7) 
ee I.- p 
07 "HO HO 


Die SO0CS°K) (standard state il torr -o ‘one could tevaliate 
the partial pressure of water. The value of we 3 = 1600 
was determined from measurements at higher water pressures 
when either the species 0, (H50) , n = 1,2,3 were clearly 
observed, and thus the partial pressure of water was 
determined from equation (4.5), or the partial pressure 


of water was known directly from weight loss measurements. 


All of the experiments which were performed in the 


2 


temperatures, that is without applying any power to the 


study of the hydration of O were conducted at ambient 
ion source heaters. Under these conditions the ion source 
would remain at 300.5°K for prolonged periods of time if 
suitable care was exercised to ensure a constant room 
temperature: 

In order to ensure that the water pressure in the 
ion source had reached a stable equilibrium value, the 
gas mixture was flowed through the apparatus for at least 
a few hours before any measurements were undertaken. After 
rough lyean Hounsthe relative ratios of the clustered 
species at equilibrium remained constant indicating that 
a stable water pressure had been achieved. 

For most of the experiments performed in this study 


the ion signal when the electron beam was pulsed was 
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10 - To counts/sec. This signal intensity permitted 
a satisfactory temporal profile of an ion to be accumu- 
lated in the multichannel scales in some 3 minutes. The 
time dependence of the signals was recorded as rapidly as 
possible so as to minimize error due to drifting of the 
overall signal intensity. If the total signal intensity 
arifted Ssidnicicantly, i.e. L108, during the course of 

an experiment, the data were discarded, the instrumental 
problem rectified and the experiment repeated. 

In these experiments the duration of the electron 
pulse delivered to the ion source was ~10 us. The 
repetition rate was some 6 ms except for some runs at low 
total pressures where diffusion of ions to the walls is 
rapid. Under these conditions a pulse repetition rate of 
2 to 3 ms was used to enhance the signal intensity. For 
most runs the dwell time per channel in the multichannel 
scaler was set at 20 us, although in cases of slow re- 


actions (low water pressure) a dwell time of 30 Us was 


used. 
4.3 Results and Discussion 
A Ton Production 


The dominant ion intially in moist oxygen is ona 
which constitutes ~90% of the total ionization. The Spel 
Tor is presumably produced by tiie electron attachtient 


reaction (4 73)". 
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e + 20,—— 0, + 0, (4.8) 


The electrons involved in reaction (4.8) are presumably 
secondary electrons which have been degraded to thermal 
energies. The small (~10%) amount of O which is initially 
produced presumably arises from the dissociative attach- 


ment process 


e + aan Oe + O (4.9) 


The electrons involved in reaction (4.9) must have greater 
than thermal energies since (4.9) is endothermic (102). 
It was found that the reaction sequence involving 


O, did not convert to the reaction sequence involving 


2 
QO . The reaction products of both ions were found to 
behave independently of each other with time, demonstrating 


the absence of interconversion. The results of the 0, 


reactions will be considered first and then the reactions 


ere en: 
B Reactions Leading to O, (H,0), in Moist Oxygen 

In Figures (4.2 - 4.18) are shown the normalized ion 
intensities for the seventeen runs in moist oxygen. The 


solid curves connecting the experimental points are the 
calculated ion intensity profiles based on the measured 
rate coefficients (which are summarized in Tables 4.1 and 


4.2) and the proposed reaction mechanism. For simplicity 
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FIGURE 4.2. Time dependence of normalized ion intensities. 
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the ions of the reaction sequence involving 05 are not 


expressed as a percent of the total ions but as a percent- 


age of the total ionization arising from 05 z 
An examination of Figures (4.2-4.4) shows that the 


O ion decays rapidly with time followed by the appear- 


Ps 
ance of O, +H,0 and On. The oO, could only be satis- 


factorily observed at low water pressures. The increase 


ineintensi ty (of ithe Tons 0. (H,0) . and 0. (H,0) 3 and the 
equilibrium between them occur at later times. On the 
basis of these observations the following reaction 


mechanism is proposed for the hydration of 0. inemo. St 


oxygen. 
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The density of neutral molecules in the ion source 
(ellos cm >) is vastly greater than the estimated maximum 
density of ions vay once Consequently the density 
of neutrals is not Significantly perturbed in the course 
of a reaction. Therefore the reaction of the various 
ions are, firet order 1n von and, zero order in neutral 


concentration for a given experimental determination. In 


order to determine the order of a reaction it is necessary 
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to perform the experiment at a variety of neutral con- 
centrations and to examine the dependence of the apparent 


first order rate coefficient on these concentrations. 


Cx Determination of k Ke and ke 


Lee 2 il 


The OF! ion disappears by two competing reactions 


ky s 

O50 + 20, ee TO, (4.10) 
-1 
k 

a 2 

05 ae H.0 Se 05 oF OF ° HO a 0. (4.11) 
The On ion is rapidly converted to 0, *H,O via 

a k, = 

O, + HO a 07 -H5O + 0. (4,142) 


The observation that the ions cow and 0, decay below the 
limits of detection at long reaction times demonstrates 
that the reverse of reactions (4.11) and (4.12) are not 
Significant under the present conditions. The rates of 
the reverse of (4.11) and (4.12) were approximated as 
zero in subsequent calculations. 

The normalized OFS ion intensity was observed to 
decay exponentially over several decades in all experi- 
ments. Some examples of these decays are shown in Figure 
(4.19). From the measured values of ky ky and k3 nS 
can be shown that in most of the present experiments 
Vane 107 aT where the Vv; are the apparent first order 
reaction frequencies. The apparent first order rate 


coefficient, v for the disappearance of 0, may be 
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expressed as 


¥ 2 
ae k, [0,1] + k, [H,0] [05] (4.13) 


where the k; are the termolecular rate coefficients and 
[A] symbolizes the concentration or partial pressure of 


=. Thesresulting v7 may be used to evaluate ki and Ko. 


Ae 
Daviding equation (4.13) by [0,] [HO] expression (4.14) 


Ve obtained. 


) [O,] 
—=~——- = x, —4 +k, (4.14) 
[H,0] [05] [H,0] 
Vin [O.] 
Thus a plot of ———— vs should yield a 
[H,0] [05] [H,0] 


straight line of slope ky and intercept k,. A plot of 


this type is displayed in Figure (4.20). From this 


Plot Valhes of kige 5.1 x i0s2+ en molecule] eianend 


k, = 1.6 x Mee rere oO lecuiles = wereede cor iner 


The equilibrium constant K for the reaction 


a ky = 
OF ees fa OD tO, (Ag) 
k 
-l 
may be expressed as 
- k 
K = ———— Kia 
2 1o51 at equilibrium 
(4.16) 


The equilibrium constant K was not directly determined 
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in this work owing to the inability to remove traces of 


water from the system. However, Conway and Nesbitt (30) 


report atvaillie ocfmKi=ign1 x fous tem | nolecutelabarmangex. 


See oe een nelecutens 
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Using the present value of ky 
oo 7 a yalgeeor k_, = 1.6 x oe 


calculated using equation (4.16). 


Dr Computer Calculation of k to ke 


The values of the v, (4 Fee waste oe. « +5) May be deter— 
mined by calculating the temporal profile of the normalized 
ion intensities for various values of the Vi- The Vv; may 
then be treated as variables and adjusted until optimum 
agreement is achieved between the observed and calculated 
intensity profiles. Utilizing the numbering sequence 
shown in Scheme I the set of differential equations which 


describe the system is 


do, ] Q - 
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dt 
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afo2* HO] hs a e 
+ k_,[0, (H.0).1] (4.19) 
d[o, (HO) 5] t a 
= ie tk iy) 1050 GHgO1 +k 005) (80) 2] 
+ k,[0, -H,0] (a2) 
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with\boundry condi tions—t—*0 01/0 = 1 and [all other 


au) 
species] = 0. 

Such a set of equations undoubtedly possesses a 
solution in a closed analytical form (103). However, the 
equations may be readily solved using an analogue computer. 
An analogue computer (Yokogawa Electronic Works Type 3302) 
will rapidly generate solutions to the above equations to 
an accuracy of better than 1%. The analogue computer 
programme is given in Appendix I. The solid curves con- 
necting the experimental points in Figures (4.2-4.18) 
are the analogue computer calculated ion intensities based 
on the Vs which are summarized in Table 4.1. In practice 
it was found that the curves could be fitted with a 
precision better than 10%. However, as the calculations 
proceeded on in the reaction sequence, the error increased 


and is estimated to be ~20% for The increased error 


Vie5s 
is caused by the dependency of the final rate constants 
on those which preceeded them and because the shape of the 
curves at the end of the reaction sequence is not very 
sensitive to the selected values of Var? 

Reactions (4.22) and (4.23) might well be expected 
to exhibit an allover third order dependence while the 


reverse reactions would be expected to exhibit a second 


order dependence . 
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k 
= 4 s 
05 -H50 + HO + 0, 0, (H,0) 5 + 07 Ae 2) 
Ka 
ake ke as 
0, (H,0) 5 + HO + 0. —— 0, (H,0) 3 + 0, (A323) 
-5 


It follows that if the above equations are correct 


(4.24) 
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and 
(4.25) 


Thus a plot of vV,;/1H,0] vs [O0.] should yield a straight 
line of slope k,. A plo of V,/ [8,0] vs [0,] is shown in 
Figure (4.21) from which it may be seen that reaction (4.22) 
indeed displays a dependence on the total gas pressure. 

-28 6 


From Figure (4.21) a value of ky = 5.4 x 10 cm” mole- 


cutesy may be calculated. A plot of v_, vs [0,] is 


shown in Figure (4.22). The line corresponds to ka = 
1.1 x 107*4 em? molecule? s7?. 
The plots of Ve/[H,0] and Vis VS [O.] do) not 


exhibit a dependence on [05] as did the corresponding plots 
for reactton, (4,22). Lteappearsy irom Figures (4723) “thattthe 
rate constants, Kise are independent of [O.] for pres- 
sures of oxygen in excess of ~2 torr. There are at least 
two explanations for this rather unusual experimental 
observation. One is that the result is an experimental 
artifact. This possibility cannot be dismissed unambigu- 


ously. A second possibility is that the observation 
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reflects the fundamental nature of the system. 
Consider the general ion-molecule association re- 
aecLon 


+ — a 
A +B+M —~A -B+M (4.26) 


The reaction may be visualized as being composed of three 


separate reactions (83,104,105). 


hen, A Ko pe ; combination 
( : decomposition (aa 30 
d 
k 


+ * + 
(A-*B) +M —>—» A--B + M stabilization (4.28) 


and the all over forward rate coefficient in the steady 


state approximation being given by (106) 


k, = (4.29) 


+ * 
If the lifetime of the species (A’°B) is short with 
respect to the average time between collisions, i.e. if 


eae ee. kM], then the reaction will exhibit a dependence on 


d 
[M]. If however the species rae) t is’ long lived; ace. 
its lifetime is greater than or comparable to the time 
between collisions, then the dependence of ky on™» (M} will 
be quite shallow. The time between collisions of neutral 


oxygen molecules at 2 torr and 300°K is ~10° Ss.‘ Thus: a 
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possible explanation of the results is that the lifetime 
of the intermediate species ey, Gielen is: long. 

Thet rate constant k, for the decomposition of 
eae in (4.27) may be approximated by the Rice- 
Ramsperger-Kassel model. The simplest form of the RRK 


,equation is (102) 


*\s-1 
E-E 
bela 2( (4.30) 


The RRK model assumes that the molecule under consideration 

* a 
E-E s-l 
E 


* 
presses the probability that the total energy E of (A= +B) 


contains s coupled oscillators. The term ( ex— 
may be transferred to one of the oscillators which has a 

critical energy E* with respect to rupture. The Z factor 
is a proportionality constant related to the frequency of 
the coupled oscillators. Using the approximation that the 
Gritical energy E* required for bond rupture is” equal “to 

the bond energy of A” +B, the total energy E may be approx- 
imated as E* plus a contribution from the thermal energies 


of the reactant species. Thus E is given by 


Feet PAB) Le ree (ae ST} 


where R is the gas constant and T the temperature. The 
term ce. May De diitricudit to assign a value to buU a7 
translational energy is considered then r = 3/2. Sub- 


Stituting equation (4:31) into (4.30), we have 
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s-l 
Te, 
Ka pee D + rRT (4.32) 


Noting that D>>rRT the above may be approximated as 


; St 
reac (=) (4.33) 
D 


Thus the larger D and the greater the number of 
oscillators the smaller ka will be, and therefore the 
longer the lifetime of the intermediate excited species. 
Reaction (4.23) is exothermic by 15.4 kcal/mole while 
reaction (4°22) as exotnermic by 1/.2 keal/mole (01); 


The species O, (HO) has 18 (3N-6) vibrational degrees 


2 
of freedom while O, (H,0), has 27. The difference in 
reaction enthalpies is small while the difference in the 
number of possible oscillators is substantial. Thus 
it may not be unreasonable to argue that the intermediate 
species ori 1 A0) eae is long lived compared to Oe HOE = 
If the intermediate species is long lived compared 
to the average time between collisions, and if every 
collision of this intermediate stabilizes the species 
then the overall rate coefficient for the bimolecular 
association reaction will be given by the Gioumousis- 
Stevenson equation (1.5). This expression predicts a 
Yalue GP M10" om molecule ~ Ss = forthe bimolecular 
coefficient of reaction (4.23). The apparent bimolecular 


Tate CoctLicient of (4.23) Saturates at 2.2 x 10721 Sue 


molecules ~ as is shown in Figure (4.23). 


zo oud att leo pee sd..weu owode a ee Jane oe on 
7 | ii . : ie 4 kia) ia bn) 
a f—@e . as 
[HEEB (28) | # 
_ : 


to sscien ort Ray erte ent ewe qd ropinl eit eine 
eft s0isterit Bets ,sd Litw ry tof fema ortt arsdeit 220° 


—_—- 


- 
a 
“ Lesiusy: fac Foxe Sterdont sti Sey =6 sini ao% t2 art es Pea 
“. 
7 slidw stomvleetos, 21 yi oJerredgexne ae: (eo, 8) notsoBon ; 
(10f) sidmieasa-2,051 gd oimrodtoxs =t (S$,%) noitose af 

: eoonnean Tas ic ack ee Comme), @L wii ip (GeRI” oo ae ie 

_ ut siaaraetite sat .vS aen Oe? <0 SL Lite mobsext. 10. | 
edit oi eunexSatih ods ofidw lism ef eelqledsas noltonea - 

7 eunt .fetiggiesadve ‘eh pxodatiives ef@iasog te cae 

: stsibenmrtotni 6A) Jet ‘supys of slidsnosearay od ton yond: 

i 7! OR)” uO oF baxeqno> bevil paol ak gp (Oe t 50 o—s a 

q bexegros evil prot 21 2eitvaqe aisibsmreint edd sel 

7 yvreve bl Bre, enctatl loo iaanged emis spsxeve ae a 


ony. eastiicdeate ete ibsms et ni mbit %o- ‘i rise toe 
ae 


tsionslomiad SHS i01- ‘taststizeos sdea {Lereve ad 4 _ 
1 ~gisnomiolp sid yd nevee ad tiie nok sonen nok: piso 2Be 


> i 
2SIURs 


s etetbexg Hakeaosges eidy "92 ottsupe noe nevase 
| gsdvoadomkd ett 20% es ‘ptaotan ne a, 19 9 Lay 
-_ , Pesaran went sat Baa ap ii Sey sacha a tie09, 
Paes 1 “ot € bd. shee ors) na. 34 nae aca 


vse, : | 


- 


Ua ag 


Conway (104) has argued that the collision between 
an excited intermediate and some third body does not nec- 
essarily have to lead to stabilization but can lead to 
decomposition of the intermediate to the starting species. 
He considers the probability of the excited species being 
Stabilized as small (a few percent). Thus the experiment- 
ally observed value may be reasonable for a saturated re- 
action: 

The only other reported observation of such a phen- 
omenon was by Ferguson et al (105) who observed saturation 


in the clustering reactions 


Cn On te nO re (4,34) 


and 


- + 
No or N, Se 9 Seer Ny + He (4.35) 


at 82°K. They observed that the apparent bimolecular rate 
coefficient for (4.34) saturated at a helium pressure of 

GG torr acts value of 7 ls 10 - cm molecules "s>" 
and that (4.35) saturated at 1.6 torr of heflium ata 


en *nOlecdie Ss Le cheretoce 


Value OL 5.35 x 10 
appears that present rate constant for reaction (4.23) is 
reasonable. 

Pack and Phelps (108) have examined the negative 
ion-molecule reactions in moist oxygen using a drift tube 


attached to a mass spectrometer. The present results are 


compared to those of Pack and Phelps and other workers in 
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Table 4.2. As can be seen the agreement between the pre- 
sent data and that initially reported by Pack and Phelps 
(108) is good. Phelps (109) has reanalyzed the data how- 
ever, and concludes that reaction (4.22) is second order 
for oxygen pressures in the torr range. This is not in 
agreement with the present data. However, Phelps (109) con- 
Siders the data somewhat unreliable and therefore the dis- 


agreement is not considered serious. 


AeA The Reaction O| + 20 05 sal) 


As was mentioned previously in this Chapter ~10% 


of the primary ions produced on electron bombardment in 


oxygen were Of een dry oxygen the reaction 
= Ke = 
O + 20 5 aa 03 + 07 (4.36) 


was observed. A brief study was made of this reaction 
and its temperature dependence. Upon the addition of 
water to this system the cluster ions O, (H,0)_, nas Le 
were observed. However, no attempt was made to study 
the kinetics of formation of O, (HO). 

In Figure (4.24)is shown a plot of the normalized 
O intensity Closely cio re (0, ])) versus time for vari- 
ous pressures of oxygen at 340°K. As can be seen the OF 
signal decays exponentially over several decades. If 


equation (4.36) is the correct representation of the order 


Sth o 7 
- 
ory edt noawe adh Sitahtooaee ais 
: aqieds bias 465 vd eae xclon veal 


- 
wel eh, dd paryleasor sed (evr) cents i 
ishto Sriovse «af (9s. b) nmoftvoest Peds nebetonce ba a aa 


- 
ack tom Sh SAP -Syfes “tro? (et nt eae! aneimo 6 
~nod (@0L) agiedt ,;zeyewor .steh In9e83q ate Aatw sven 
~sib ait exoteiendt Bas sidsiiera) tecwoned Sieh outs aie : 
,auofzs2e Bsxsbignes Fon ef tevoors es 
_ : 7 
- - ; ma) ' 
gO + <0 ~~ OS + “O mationer elT Bab 
oe  .  ek ea ens 7 
FOL istgsdd eid’ mi yletoivatqg bagotynem oat aA - : 
: _ 
ii soambaisdiiod nbazasis no bs ae esol yasming eas 3 iS 
- notsose+ Srit nepyxo gx ar. o. aisw nepy 
| a 
= a - 
(se.m) o + 7.0 “—,.cs + © 
- e & > : a 7 
7 
e moitonay gidt Fo sham gaw yvbuis Pakad A. . 


to noizvtbbs Bes fog’ st aitlen a ok Aaucercounes. 7 


; Kyl mad 


(0.4) “0 anor ts22t f> ods mom uve sat 03. 


ybos + ee” ov 3h; bt zeu Take7s Ruse <evouck var 4 stem 


uy , AT 
; ne? cH) 6° eet hove Bo. mye a 


ri 


; bas iisoraion one eiaehs a 8 mweda |} Os Bb). eaup st : 


-Inev yO? omit, seeeX to ae Ponte Pre? 
fee comes 


“® sid fase ad ‘aso A 2” 


_ — 36 i 
: es sRabsseb Is aeyed |: 


abi ond 20 ad i 
7 e : 


a 


0.1 


o> /{Ig- #193 | 


0.01 


0.001 


NS Ws 


200 400 600 800 1000 1200 
TIME (microseconds) 


FIGURE 4.24, Logarithmic plots of the decay of the 
normalized O intensity with time lead to rate con- 
stant for O + 20pm 0, + 0,. Pressure of oxygen 
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of the reaction~then=a plot-of—the-pseudo-first—order rate 
coefficients obtained from Figure (4.24) versus the square 


of the oxygen pressure should yield a straight line of 


slope A he Such a plot is shown in Figure (4.25) for the 
data of Figure (4.24). The slope of the line leads to a 
) Vaolvterar ke= 1.0 x Tom cm° molecule * s+ at Sa0°nK. 


Displayed in Figure (4.26) are plots similar to Figure 
(4.24) for different temperatures. The data is summarized 
in Table 4.3 along with some previous measurements. 

The rate of reaction (4.36) was investigated at 
several temperatures, the results of which are summarized 
im Table 4.3 and in Figure (4.27). Figure (4.27) shows a 
ploe of Log Ke versus 1/T in the classical Arrhenius 
fashion. The plot shown leads to an "activation" energy 
of -.9 keal/moles “This, 1s) not. to imply that/this 
"activation" energy has any meaning in terms of a model 
for the reaction. Instead this type of plot is merely 
a convenient method of expressing the temperature depend- 
‘ence of the rate. The small negative temperature —coeffici- 
ent of (4.36) is easily expressed in this fashion. The 
variation of the observed rate coefficient is small in 
the temperature range over which data were taken. This 
difficulty combined with the scatter an the data is such 
that almost any temperature function would be consistent 
with the data. 
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TABLE 4.3 


aL Ole 


Measured Rate Coefficients for the Reaction 


Oo. + 20.— 0. +0 


2 3 


Ke T (°K) 
14 300 
ie Ee I 329 
10 340 
129 367 
6.6 395 
12 Extrapolated to E/N = 0 
LOmet 2 Extrapolated to E/N = 0 
3) Extrapolated to E/N = 0 
2) Extrapolated to E/N = 0 
9 Extrapolated to E/N = 0 
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FIGURE 4.26. Plots of normalized O ion intensities 
versus time for various conditions. First number is 
ace pron number in brackets is the rate in units 
GE 0s and the third number is the temperature 
im °C, O74.03 (6.05)) 122, @ 3.97 (8.68) 94, and 
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FIGURE 4.27. Arrhenius type plot of the rate of 
the reaction O + 20 a oo O05.) Sloper Lela 
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a general termolecular reaction resulted in the conclusion 


ine Kinetics, of the, hydrationgot. © a consideration of 
that ka (the rate constant for the decomposition of the 
excited intermediate (a? .B)”} could be adequately repre- 
sented by equation (4.33). All else remaining equal it 
can be seen from equation (4.33) that as the temperature 
increases the rate of decomposition of the excited inter- 
mediate (ATER) | will increase. The shortened lifetime 
of (APoBh will mean that its chances of suffering a 
stabilizing collision are reduced. Thus a decrease in the 
termolecular rate coefficient with increasing temperature 
is expected. 

Durden, Kebarle and Good (83) studied the tempera- 


ture dependence of the reaction 


of + 
0, + 20. ——> 0, + 0. Cae ou) 


and 


+ + 
Ny + ZN om eh N, + N, Gara Ss ) 


They found that reaction (4.37) had a negative temperature 
coefficient corresponding to an "activation" energy of -1.5 
kcal/mole. For reaction (4.38) the authors (83) reported 
that Nae = -2 kcal/mole. The present temperature data 


for reaction (4.36) thus appear to be reasonable; 
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V Kinetics and Rate Constants of Reactions Leading to 


> and.No.. 


Hydration of NO, 3 


Bel Pneroduct1on 

The hydrates of the nitrite and nitrate ions are of 
particular interest since they are both believed to be 
involved in the negative ion chemistry of the earth's ion- 
osphere (47). Rocket borne mass spectrometer measurements 
performed by Narcisi et al (69) and by Arnold et al) (70) 
have indicated that the terminal negative ion in the D 
region is NO, . Narcisi et al (69) report that NO, (H,0) , 
is the dominant negative ion at altitudes below 90 km. 


The present study was undertaken to determine the kinetics 


of formation of the hydrated NO, and NO.” vores 


ie Experimental 
A Production of Ions 

In these experiments the pressure of the carrier gas 
was varied over the range 1.5 to 6.5 torr while the water 
pressure was in the range 8 to 35 mtorr. All kinetic 
measurements were done at 300°K. In some experiments 
argon and helium were used. The addition of trace amounts 


(~1 mtorr) of ethyl nitrate produced the ions NO, , C,H Or 


23 
and NO3 in abundance. These ions were formed in addition 
to the Oo ion which is generated in oxygen by the third 


body electron capture reaction 


e+ 20.— 0, +0 
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Kriemler and Butrill (93) have studied, by ion cyclo- 
tron resonance, the negative ions formed by electron impact 
in ethyl nitrate. They have also investigated some of the 
secondary ions produced by ion-molecule reactions of the 
initially generated ions in ethyl nitrate. They reported 
that the major ions produced by low energy electron bom- 


bardment were NO, , cE HnOm and small amounts of OH and 


CoH,O . These ions were presumably formed by the dissocia- 


tive electron capture reaction (5.2) 


NO 


Z 
eat C,H ,ONO, ——> eunon 


+ neutrals C552) 


Kriemler and Butrill also noted that the relative yields 
of the different ions varied sharply with electron energy. 


They reported that C5H,0 , OH and C5H.O- react with ethyl 
nitrate to produce NO, . Presumably the NO. and C,H.0- 


observed in the present experiments are due to dissociative 
electron capture while the NO. results from ion-molecule 
reactions as suggested by Kriemler and Butrill (93). 

It was observed that the ratio of the different ions 
in the present system varied with the pressure of ethyl 
nitrate, the nature of the carrier gas and temperature. 

The addition of large amounts (~50 mtorr) of ethyl nitrate 
to the oxygen virtually completely suppressed the 0, _ Sie pele lglg 
This presumably occurred because the dissociative electron 


capture reaction (5.2) competed efficiently with the 0. 
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productions reaction (5.l)hatenrgh ethyl nitrate concentra-— 
tron. 


The addition of small amounts of ethyl nitrate to 


oxygen generated 0. 4 NO, , C,H,0- and NO.” in the ratio 


100) 3365, 2550 4) 20. ein argonyand helium ‘the ratio .was 


altered to 0: 65 7 100 2 5. “The small amount of NO,” 


produced in the rare gases precluded any study of the NO.” 
reactions in this case. Using water as the carrier gas, 
and large (~50 mtorr) amounts of ethyl nitrate at high 
temperatures (T > 100°C) only NO. and Noe were produced 
and in roughly equal amounts. As the temperature was 
lowered the ratio NO, /NO,” increased and CHAO appeared. 
Using oxygen as the carrier gas containing small 
amounts of water and ethyl nitrate, it was noted that the 
ae NO. and C,H,0- ions remained a con- 


Stant fractvon GL the: total’ Lions with time.” “Thisewas 


hydrated SE NO 


taken as evidence that these ions do not interconvert, 


or do so very slowly. This seems surprising since the 
reaction 

0. + C,H-ONO., ——>* NO. my 07 a CHO (553) 
is exothermic. The thermodynamic parameters used in this 
calculation are given in Table 5.12 (Thus 26 as to be 
expected that 05 would convert to the NO, system. How- 
ever, 0. is rapidly depleted to form O, (H,0),- The 


reaction 
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TABLE sapuL 


Selected Thermodynamic Data 


Parameter Value 
EA (0,) 0.43 eV 
EA (NO.) 2 Aw eoy 


D(C,H,O-NO.) 36.4 kcal/mole 


Elon 


DRE HO) 18.4 kcal/mole 


D(NO,- =i) 14.3 kcal/mole 


IAS 


Reference 


(4) 


See Table 6.3 


(114) 


(56) 


See Table 6.2 
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05 “HO + CH, ONO. sr NO. + O75 Go H.0 + C5H.O eye 


is endothermic. However the reaction 


0, "HO + CH,ONO., ——> NO. -H,0 + 0, + C5H,O (5:55) 


is calculated to be exothermic. A reaction such as (5.5) 
implies a rather substantial rearrangement and may be slow 
due to steric factors. Nevertheless it is not observed. 
Alternatively the thermodynamic parameters given in Table 
5.1 may be incorrect and reaction (5.5) may be endothermic. 
For example the value of EA (NO.) given in Table 5.1 may be 
regarded as questionable. 

The C5H,0- and hydrates did not react to any appre- 
Ciable extent with the ethyl nitrate in the present system 
to form NO, . This is in contradiction with the observation 
of Kriemler and Butrill (93). It may be that in the experi- 
ment of Kriemler and Butrill the CHO was vibrationally 
and/or electronically excited and was thus capable of re- 
acting with ethyl nitrate. The C,H,0- in the present 
experiments should be in the ground state because of the 
number of collisions it could be expected to make with the 
carrier gas before encountering an ethyl nitrate molecule. 
Alternatively the present experiment involves ions which 
have thermal ee ~ 300°K) translational energies. In 


the ICR experiment the ions are translationally excited 


and it may be that the cross section of the reaction 
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C,H,O + C,H_,ONO;——~> NO, + neutrals (5.6) 


is sharply dependent on translational energy. These re- 
actions have not been studied sufficiently to permit any 
definitive conclusion. 

By al NO3 and 05 and their 


hydrates was deduced purely on the basis of their m/e ratios. 


The identity of the NO 


It was found that by using propyl nitrate instead of ethyl 
nitrate that the ion at m/e = 43 (CHO ) disappeared and 
a new ion appeared at m/e = 58 corresponding to CHO” 
It was therefore concluded that the m/e = 43 observed with 
ethyl nitrate was indeed C,H,0 . 

At high ethyl nitrate concentrations it was observed 
that the rate of NO,” 


the ethyl nitrate concentration. This appears anomalous 


disappearance became dependent on 


since NO. was presumed to be removed by the reactions 


k 
Noee a lon ae NO. -H.O + M Cag) 
2 2 ——— 2 2 
kia 
and ip 
NO. "HO + HO + M 2 NO. (H0) 5 +M (57278) 


-2 
It is believed that this anomolous rate dependence was 


caused by the reactions 


NO. + CH.ONO., eM ——— NO, °C H_ONO. + Mi (5% 9) 


and 


NOG seh ONO 4). O——-> aNOset-H Or -C HCONG 


ee 2 nae. gHeONO, (5.10) 
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Reaction (5.9) is expected to proceed at a rate com- 
patible to reaction (5.7). The presence of substantial 
amounts (~50 mtorr) of ethyl nitrate compared to water 
(~10 mtorr) will cause (5.9) to be the preferred mode of 
removal of NO, . It is to be expected that the switching 
reaction (5.10) proceeds at collision frequency (5) i.e. 

k ~ 107” cm? molecule’ s~+, I£ the mechanism (5.9) and 
(5.10) is operative then the apparent rate of conversion of 
NO. to NO, *H,O will be enhanced and will vary with the 
pressure of ethyl nitrate as was observed. This difficulty 
was overcome by lowering the partial pressure of ethyl 
nitrate until no effect was observed on the rate. The ion 
NO. -CH.ONO. was not detected. This does not defeat the 
proposed mechanism as the concentration of the NO, -CH,ONO, 
ion is predicted to be small since (5.10) is expected to 

be faster thane (529 )% 

A similar difficulty was encountered in earlier work 
where it was attempted to study the reaction 


Ci™ aH e040 


ee CUE HOO (5.11) 
2 7 ah 


2 2 


In this case the apparertt rate of conversion of Citato 


Cl -H.O led to a rate constant for (5.11) which was un- 


2 
reasonably large. Furthermore the rate depended on the 
pressure of carbon tetrachloride which was used to produce 


the Cl. However, the ion eC le” was observed in this case 
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and it was found that a reduction of the concentration of 
carbon tetrachloride overcame the problem. The reactions of 
OF in the hydration of oO, which were presented in the 


preceding chapter is another example of such a rate in- 


crease by a parallel branch involving a switching réaction. 


By Measurement of Water Pressure 
The measurement of the rates of reactions leading to 

NO, (HO) | and NO, .H,O were performed in a manner similar 

to that described in the 0, hydration system. In most 

of these experiments, oxygen was used as the carrier gas 

and in this case the ions O, (H,0), and 0, 


seen as well as the establishment of the equilibrium between 


(HO) 3 could be 


them. Knowledge of the equilibrium concentration of the 
oxygen hydrates permitted the determination of the water 
pressure as was described in Chapter 4. 


Reactions such as 


* M —e 
NO, (H50) 4 CE H,0 — NO. (HO). (ome) 


could be observed to reach equilibrium in the system, there- 
fore the K, capt Nand for these reactions could be evaluated. 
In the experiments in which argon and helium were used as 
carrier gases, the ions 0, (H,0) , were of course absent. 
Water pressures were evaluated in these cases by the obser- 


Vatrom of the - equilibrium in) (5.12) and the expression 
NO (HO) 


’ (5.13) 
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The K,_, , (NO, ) having been previously determined from 
’ 


the experiments using oxygen as carrier gas. 


Se Results and Discussion 

Seventeen measurements were conducted in which the 
partial pressures of water and carrier gas were varied. 
Ten measurements were made using oxygen as the carrier gas, 
four with helium and three with argon. All experiments 


were done at 300°K. The normalized data for the reactions 


k 
ee al ef 
NO, + H,O + 05 Sana NO. -H5O a 0.5 (5.14) 
k 
=a 
= k, = 
NO, °-H,O + H,O0 + O, ——=NO, (HO), + O (56 15) 
2 2 2 2 ie 2 2a 2 Z 


are summarized in Figures (5.1-5.10). As before the solid 
lines through the experimental points are the analogue 
computer calculated temporal profiles based on the above 
mechanism and the reaction frequencies summarized in Table 
5.2. The analogue computer programme is given in Appendix 
ee 

An alternative graphical technique was also used for 
some of the rate constant determinations. For a first order 


reaetion scheme of the form 


ay ye 

ao Ss. ee eS (5.16) 
Se ee 
Vii V_»5 


With» boundary conditions at t = 0, A= 1, B= ¢ = 0) 1 may 


be shown (Appendix II) that 
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27.303 logy ({A] - [A }) == (vy 


q 1 + Mae + constant 


onl 7) 
where [A.g! is the equilibrium concentration of A and [A] 
is the concentration of A at time t. Thus a plot of 
logy (Ayo - 7 osm versus time should yield a 


2 
straight line of slope (va + V_1) 72.303. The relationship 


I = 
.(H 
NO, ( 5°) 


Vv 
= (5.18) 
av) 


NO afl. 


es equilibrium 
permits the evaluation of the individual Vie The Vi and 
Ua could thus be calculated by two methods. The graphical 
approach outlined above, examples of which are shown in 
Figure (5.11) and the computer fit method. - The agreement 
between the two methods is excellent. Table 5.3 shows a 
comparison of some Vy calculated by both methods for the 


data displayed in figure (5.1m). 


2 


apparent first order rate coefficient Vy is given by 


If the hydration of NO is third order then the 


Vv, = k, (H,0] [M] (ao) 


a 


Thus: a’ plot of V,/ [8,0] versus [M] should yield a straight 
line of slope k,. Such plots are shown in Figure (5.12) 
imeha k,- In Figure (5.13) is shown a similar plot for ky. 


It was found that in argon and helium, the temporal depen- 


dence of NO, (HO) » could not be observed accurately. This 
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TABLE 5.3 
Comparison of Apparent First Order Rate Coefficients for 


NO, | 4/40 + 05 NO 9-H + 05 Calculated ‘by Graphical*® 


and Computer Methods 


a,a 


oe Bg. Vv, (graphical) v (computer) © 
a4 14 6.53 6.8 
Lead B02 5.16 Se 
3738 G2 342 cE) 
Seoul 3257 10.67 202.6 


All runs done at T = 300.5°K. 
a : 
See jmigure (5.11). 
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Plots show that 


= Avy accom M = 


He. Slopes of lines lead to k, (0 YO ep Bie tosh WAG) = 60) 


9 6 


and k, (He) = 2.9 in units of 10 cm mo 
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MEGUREY O13). Dependence of V5/[H,0]) on Po . Plot shows 
that the reaction NO, -H,0 + H,O + Osram NO, (H50) 5 + 
0. is dependent on the concentration of O,- Slope of 
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was due to a combination of the fast diffusion of the ions 

to the walls in the rare gas, and the slowness of these re- 
actions when M = He or Ar. The graphical data obtained in 

the rare gases are summarized in Table 5.4. 

In the experiments where argon and helium were used 
as carrier gases, the hydration reactions were slower than 
when oxygen was used as carrier gas. Furthermore diffusion 
of ions in the rare gases is faster than in oxygen (89,p.481) 
so the total signal decayed at a faster rate than in oxy- 
gen. The combination of these two effects was such that 
the NO. signal became very small before equilibrium was 


2 
established between NO. and NO. -H.O. Consequently the 
values of ki for argon and helium recorded in Table 5.5 
were calculated using the known value of Ky 1 (NO, ) from 
Uf 


the study in oxygen and the relationship 


(NO. 


Ko 1 ee ean (5.20) 


In Figure (5.14) is shown a plot of v_, versus 7a demon- 
strating that reaction Vy is dependent on the first power 
of the oxygen concentration. A similar plot is shown in 
jake ge barey Pe ious Ws) sae fe V_>- 

The conversion of NO.” to its monohydrate via the 


reaction 


= -. f 
NO, ot HO + 0. es NO, HO 0. (Died) 
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was observed. The dihydrate NO, (H,0). was not observed 
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TABLE 5.5 
Summary of Kinetic Data 


Reactions 


NO, "HO nF HO aN —— NO. (H,0) , +a 


Present Results® 


Rate Constants M Rate Constant 
ki 0, 8.4 
oa Ar 6.0. )) = om ee 
ky He 2.9 
ky 0. 6 
ray Ar Lo | oe ae 
ki He 06 
-29b 
ky 0. 3.58 °x-10 
14c 
k_» 0, 5 Ol xe LO 
-29b 
k, 0. fish ene) 
14c 
k_3 0. 4 xo 
Puckett and Lineberger (52) 
Kk, NO 1 aoe mame 
a a Tie 29:3 9K 
ees OO ores = 
: 6 -2 -l 
in units of cm molecule s 
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BLGURE 5S. U4" Dependence of V_, on Py _- Plot shows that 


: - - 2 ; 
the reaction NO. -H,0 + aan NO. iF HO ar O75 1s de- 
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PLIGURB S.lo. Dependence Of V_> On P, . Plot shows that 


the reaction NO “CHG OTS +eO0t=—= >, NO-n =2HE0" + HEOMESS 
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in significant amounts. It was clearly observed only at 
high water pressures (~50 mtorr). Consequently the kinet- 
ics of formation of NO, (HO) 5 were not studied. The NO, 
data was analysed graphically in a manner analogous to 
the NO, data. “Whe data is summarized in Tabie 5.2.1) Fiq— 
ure (5.16) shows some plots of log, ({NO, 1 - [NO, ]eq) 
versusitime, and finally Figures (5.17) and (5.18) demon— 
stmatetthat reactione(a42ljjdepends on the first power of the 
oxygen concentration. Table 5.5 summarizes the final kin- 
etc results for the hydration of NO. and NO, . 

The equilibrium constants for the hydration of NO, 
and NO.” are displayed in Table 5.6. The measured equil- 
ibrium constants using water at low pressures in a carrier 
gas compare favourably with those which were obtained 
using water pressures in the torr range (Chapter 6). The 


values of K 1 (NO 5) diftter by roughly a factor of two, 
if 


0 2 
however, this is not serious since the value of the equil- 
ibrium constant in pure water involves an extrapolation 
Of a van't Hoff plot, This extrapolation Gasily involves an 
error of a factor of two. The agreement between the K's 
determined at low and high water pressures is excellent as 
may be seen from Table 5.6. 

The forward rate coefficients ky, k, and k, (summarized 
in Table 5.5) are all of similar value. The binding energies 
of these hydrates are AH, 1: (NO, ) ess -AH, 4 (NO, ) = 


12.9 and =A, 1 (NO, ) = 12.4, all in kcal/mole (Chapter 6). 
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FIGURE 5.17. Dependence of v3/[H,0] on Po ete 
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DABBLE 15:..6 


Equilabrium Constants: for NO, (HHO), 5 and NO, "H,O 
-,b -,b -,b 
SOp oe vias No eee oe 
Low water pressure 
0. carrier gas Diaz 0.066 OLS: 
Pure water as carrier 
gas. Extrapolated 3 0.065 0.49 
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The formation of the species NO eae is associated with 


z 
the largest Beenie and thus might be expected to display 
the largest forward rate coefficient. As was shown in 
Chapter 4, the forward rate of a termolecular reaction 
should increase the more exothermic the reaction and the 
greater the number of degrees of freedom of the resulting 
complex. 

It would appear from the similarity of the forward 
rate constants ke ky and k3 that the effects of binding 
energy and degrees of freedom are somewhat self cancelling 
for these examples. 

Therrate coefficient for (5.7) is rotighily -avtactor wot 
two greater with M = Ar than with M = He and is a factor 


of three greater with M = O This is to be expected con- 


2° 
sidering the greater polarizability of argon and oxygen 
compared to helium. The lower efficiences of argon and 
helium observed in the present determination are consistent 
with previous measurements in similar systems (115). 
Puckett and Lineberger (52) have obtained a value of 


Sea ec Tm echomelecules- Serna cation 


NO, + HO + MNO, -H3O + M (522) 


at 293°K with M = NO. The present experiments yield a 
29 6 2 =1 


value of 8.4 x 10 cm’ molecule “~ s at 300.5°K with 
Ma O,. There is noa priori reason to believe that NO 


should be a more efficient third body than O,. However, 
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the difference between the present value and that of Puckett 
and Lineberger is probably within combined experimental 
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VI The Thermodynamics of the Hydration of NO, and NO, 


2 | 
Giik Birneroduction 
As was mentioned previously, the ions NO, (H,0) are 


believed to be the dominant negative ion in the earth's 
ionosphere below ~90 km (69,70). The determination of the 
thermodynamic data for the addition of successive molecules 
of water to NO.” will assist in the calculation of the 
equilibrium populations of the NO, (H,0), in the D region. 

The ions NO, and NO, are not only of interest in 
terms of the ion chemistry of the earth's ionosphere, but 
they are commonly occurring ions in aqueous solution. The 
addition of water to NO. and NO.” via 


NO, (H50)2) + Hy9 => NO, (H,0), (6.1) 


represents the first steps in the transformation of NO, (g) 
to NO, (aq). The determination of the enthalpy for the 
successive additions of water molecules to the ions pro- 
vides information regarding the nature of the species in 
aqueous solution. Kebarle et al (74-76,101) have con- 
ducted extensive studies on the formation of hydrated ions 
in the gas phase. The hydration of the halide ions, op oy 
the alkali metal positive ions and the solvation of the 
halide ions by acetonitrile have been studied. It was 
believed that a study of the hydration of NO, and NO,” 


would complement and extend the previous work. 
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6.2 Experimental 
The equilibrium constants were measured by observing 
the relative intensities of the NO, (H,0) , species escaping 
from the ion source. The measurements were performed using 
water as the carrier gas at a pressure of several torr 
containing small amounts of ethyl nitrate. The mechanism 
of ion generation has been discussed in Chapter 5. To 
ensure that the measured ratios of the ions reflected the 
equilibrium ratios, the measurements were performed at 
some two to four different water pressures in the range 
2.0 to 4.1 torr of water at each ion source temperature. 
It was noted that the equilibrium constant was independent 
of water pressure over a range of a factor of two. By 
using the pulsing circuitry the temporal profiles of the 
species of interest could be recorded. It was observed 
that in all cases the ratios of the NO. (Hoole ions were 
constant with time - except for the first 50 us or so 
immediately after the electron pulse. The invariance of 
the ratio of the hydrated species with time is necessary 
if the ions are in thermodynamic equilibrium. An example 
of the observed temporal behaviour is shown in Figure (6.1). 
In the preceding Chapter it was shown that the rate 
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FIGURE 6.1. Time dependence of NO, and NO, .H,O escap— 
ing from the ion source after a short (~10 ys) electron 


pulse. Ion source pressure 4.1 torr of HO containing 
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2 2<-— 2 2 


a, ve i 


: 7 \~. > 
@él 7 ae | 
| 7 
'\ SEF 
| | | 
| r 


g 
&> 
> 
7 .-  °&»« 


7 
j w 7 ~ . a 
mm OSF = at 
7 3 = ptr OH POD nore Rota aros. as 
: + iA | “2 - ., 
x | | f , 
«* 7 
ett e ; 
ie ) we 
: + a 
a?) ; 


% 
‘ 


ny é : sane | : 7 e 
7 ¢-panre> 
: i — an | —. “< ad a 
i, £ t t ij x) 


- fempIMIT ae 


= - a. 
+7 3a Opel, 4 bas - ae to santa ame? LB 


 essuele (ey OL) 1 tong 5 i Ss=ivos col adh - 
i al — 


pilaleyaAes ‘Ogu +0 oe 


fol sO°ROL = 2 “sete 


ae iain hy aaa 
yee a yh * 7 
a i ‘¥ id a 


ve 


a 


0 


that the forward rate constant for reaction (6.2) with 

M = H,0 is of the same magnitude i.e. 2109*" cm? mole 
cule? ae then for water pressures in the torr range 

and a temperature of ~100°C it may be calculated that the 
half-life of the forward reaction is léssiithan 1 is.7 This 
may be compared with the time interval over which the ions 
may be observed which is several milliseconds. Equilibrium 
is therefore expected to be achieved quickly in this 

system as was observed. Figure (6.2) shows the van't Hoff 
plots for the addition of three molecules of water to 

NO, 


meters are listed in Table 6.l. 


and one to NO, . The calculated thermodynamic para- 


6.3 Results and Discussion 

A Calculation of Total Single Ion Heats of Hydration 
The total single ion heats of hydration AH, (A) which 

are listed in Table 6.2 correspond to the enthalpy change 


for the process 


Aa(g) =A (aq) (6.3) 
The AH, (A) may be calculated using the expressions 
AH, (AT) = AH,(A™,aq) a4 - SH, (A719) (6.4) 


~ - + 
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AH, (A ,g) = AH,(A,g) - EA(A) (6.6) 
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Total and Partial Enthalpies of Hydration of Some Single 


Negative Ions® 
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where AH, (A ,aq) is the absolute heat of formation of 


abs 
the species A i i “ - 
peci (aq) while AH, (A ee) ony 1s the “conven 
tional" heat of formation relative to AH (H* ,aq) = 0. 
8 conv 


oe 
The value AH , (H ,aq) = 95.6 kcal/mole (115) was used 


abs 
in these calculations. This is based on AH, (Hg) = 365.6 
' kcal/mole and AH, (H) = -270 kcal/mole (115). The para- 
meters used in the calculation are summarized in Table 
61.13". 

The ed values for the hydration of several ions 
are compared to the ~AH, of these ions in Figure (6.3). 
The halide ions appear to lie on a smooth curve and there 
appears to be a trend toward increasing ~AHy, as “AHO 
increases. The halide ions might well be expected to 
vary smoothly since as one moves from one ion to another 
the dimensions of the ions change systematically. The 
ion OH also follows the trend of the halide ions perhaps 
reflecting the difference in size between O and H. The 
electron cloud of the hydrogen atom being so much smaller 
than that of the oxygen atom that the species OH is nearly 
spherical. The other more structured ions deviate some- 


what from the trend of the halide ions which perhaps re- 


flects their non-spherical nature. 


B. Determination of EA (NO.) and EA (NO) 
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TABLE 6.2 


Heats of Hydration® 


AH¢ (A petep eae a AH, (A,g) EA (A) -AH, (A ) 
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of calculation described in section 6.3A 
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as 


7 \- _ : 
apa 
- ) _ = él 


Snot sesh P20 8 


7 33 
ma tat il 


1 4 ee 


Se) 
a on - 


os 
| Pe ald 2uSb are. 
Dy ar at | 2 40I 
Lo 
Dy Toa fo 5 
aa Toe. aot 
1 ‘ 
- WOOE (efom\Lend at nents: ffi = 
a - _ 
| te | 
- te a 
we MELE 
a 7 : ly : 


Sy 
Aé.a neidese oi badhroeeb ear eal aaa | 
7T aN - 


- AH, kcal /mole 


166. 


120 
O 
= 
100 
cl 
80 Brf§ oCN 
O NOS 
O 2 
I" NO3 
@ 
60 
8 12 16 20 


-AHo kcal/mol 


PICURE 6.3. Plot of heat of hydration for negative 
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peice ces, a 


’ 


the enthalpy change in the reaction A + SRO: 
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HE (gq) H’ (g) + B (g) (6.7) 


which is given by 
Dilly e-2 Be) = Dh Bee T (H) - EA(B) (6.8) 


whene EA(B) is the electron attinity ‘of Bi; es is the 
ionization potential of the hydrogen atom, and D(H - B) 
is the bond dissociation energy of the neutral HB. The 
bigger D(H = Bo), the stronger is the basicity of the 
Bronsted gas phase base B . The enthalpy change pe eel 
for the addition of water to various bases B_ may be 
visualized as an almost complete donation of the proton 


by H| -B to OH. Thus -A should also be an 


Pa 
expression of the gas phase basicity of B . A plot 
of -AHy versus D(H* - B-) is shown in Figure (6.4) for 
various bases. 

As may be seen there is a trend in the data. The 
line shown is drawn to pass through the halide ion points. 


Since the AH for NO. and NO, have been determined, 


Geer 2 3 


these points have been placed on the line. From this 


plot D(H* - B ) may be estimated for HNO. and HNO , and 


from equation (6.8) values for the electron affinities of 
NO, and NO, may be estimated. The present values along 
with other reported measurements are presented in Table 


6.4. The present estimate of EA (NO 3) and EA (NO) are 


seen to be in fortuitously good agreement with more precise 
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TABLE 6.4 
Electron Affinities of NO. and No ,* 

EA (NO.) Ref. 
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Parere UM Olesgl Ue) Tiernan et al (121) 
2.0) OL Baede (122) 
>2.04 Berkowitz et al (123) 
Soo ee Se tL) Curran (124)2 

Nalley et al (125) 

<3.612 = EA(C1) Ferguson et al (126) 
Set LO oy 0570:5 Warneck (127) 
G2 ond Vogt #122) 
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estimates of these quantities which appeared in the liter- 
ature after the present results were obtained (1970). 


Consider the reaction 
OH + HA——> (HOHA) (6.9) 


compared to the reaction 


jn eae (HOHA) (6.10) 


Let us assume that the resulting cluster ions (HOHA) in 
reactions (6.9) and (6.10) “aresidentical. Reaction (6.9) 
corresponds to HA virtually completely donating its pro- 
ton to OH so that the electron may be crudely visualized 
aS associated with A and the proton with the OH. The 
present experiment measures the enthalpy for reaction 
(6.10), thus knowing the AH, (A) and AH , (H,0) the 

AH, (HOHA ) may be calculated. From the AH, (OH ) and 

AH , (HA) the exothermicity of reaction (6.9) may be cal- 
culated. This exothermicity varies from 86 kcal/mole for 
HA = HI to 24 kcal/mole for HA = HOH. Since the proton 

of HA is largely donated to OH in (6.9), the -AH's 

(6.9) should be a reflection of the gas phase strength of the 
the acid HA. Thus a correlation might be expected between 
the -AH's of (6.9) and D(H’ - A). This.is shown in 
Figure (6.5) and as may be seen, there is an excellent 


correlation 
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VIL Selvation of Oye and, Cl sath HO, CH,OH and CH,CN 


g/cm Introduction 
In this laboratory extensive studies have been con- 


ducted on reactions of the type 


A (B)._7 + B= A (), (ial) 


1 


Arshadi and Kebarle (101) have studied the (0, - H,0) 
system and Yamdagni and Kebarle (116) have studied the 


30H and CH3CN and 05 with 


CH,CN. To complement and extend these investigations a 


study was undertaken of the (0, = CH 30H) system, the re- 


Clustering of Cl with H,0, CH 


sults of which are the subject of this Chapter. 


Ie2 Experimental Results 
The apparatus and method of measurement were essenti- 


ally the same as that described in the study of the kinetics 


2 
of the hydration of NO, (Chapter 6). Pure oxygen gas was 


OD hy dratronn Orso (Chapter 4) and in the thermodynamics 
flowed through the ion source at a pressure of 4.0 torr. To 
the flowing stream of oxygen was added methanol vapour in 
the pressure range 0.5 to 2.0 torr. The methanol was added 
through a capillary which had been calibrated by "weight 
loss" measurements similar to those which were described in 
Chapter 4) s.thne (ion oP was presumably generated as before 


by the third body attachment reaction 
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e + [0 aa on ane (742) 
The methanol then clustered about the on forming O., (CH,0H) , 
Vila the reactions 
0, + CH,OH —, 0, .CH,0H (3) 
0, CH,0H + CH,OH a 0, (CH30H) (7.4) 
O, (CH,OH),_) + CH,OH > 0,7 (CH,OH) (7.5) 


The 0, (CH,0H) ions were observed to remain a constant 


fraction, oL the total ionization with time after thepnitial 
electron pulse. The equilibrium constants for the reaction 
(7.5) were found to be independent of the partial pressure of 


methanol. Plots of the Ky for the methanol system versus 


-l,n 


P are shown in Figures (7.1-7.3) for various ion source 
CH 30H 


temperatures. As can be seen the K are independent of 


n-l,n 
the partial pressure of methanol within experimental error. 
In Figure (7.4) are displayed the van't Hoff plots for 
reaction (7.5). The thermodynamic parameters obtained from 
these plots are summarized in Table 7.1 along with some 


other data obtained in this laboratory for purposes of com- 


parison. 


aS Discussion of Results 


For a visual comparison, the variation of ~AH a a 
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EUnctaon of the partial pressure or methanol at vari 
ous experimental temperatures. Total pressure is 


4.0 torr (05). As may be seen the equilibrium con- 


stants are independent of the partial pressure of 


methanol. 
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FIGURE 7.3. Plot of the equilibrium constant K, 3 
ee eee ; 
for the reaction 0. (CH,0H) 5 + CH 0H > 0.5 (CH30H) , 
as a function of the partial pressure of methanol at 


various experimental temperatures. Total pressure is 


A Os cont iO As may be seen the equilibrium con- 


me 


stants are independent of the partial pressure of 


methanol. 
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FIGURE 724. vant Hott plot-or the tdata otsrigures 


(J/el—/.3) tor the reaction 0. (CH30H) 4 + CH ,0H —— 


O (CH,OH), . The thermodynamic data determined from 


2 
these plots is summarized in Table 7.1. 
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Thermodynamic Data for the Reaction A .B +) Be Ae 
ee es SE NS ee a De 
A B n-l1,n 
(Oy) re) (25 3) (3,4) (4,5) 
-AH® 2a 16.6 iaey 13.5 Were 
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Table 7.1 (continued) 


=AH 13.4 Pee 10.6 
CH CNY ee 14.3 AS) 20m 1: 
“AG Spee BAG NAS 


In kcal/mole 
In entropy units 


Standard state 1 atm, T = 300°K 
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Ref. (74) 
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Wich wterethe vens fo, Oh and Cl are shown in Figure 
(i235). 9We may start the discussion with the behaviour of 
Cl which is a typical "medium size" spherical negative 


ion. The strongest (largest -AH interaction is 


ell val 


observed with CH,OH followed by CH,CN and HOH. Methanol 


3 3 


and water are both protic solvents while CH 3CN HER el egen enliet. 


The dependence of the -A interactions of Clulonm athe 


eal 
nature of the protic solvents RH has been examined by 
Yamdagni and Kebarle (134) who discussed hydrogen bonding 
to negative ions. It was concluded that the a which 
corresponds to the dissociation energy of the hydrogen 
bond D(Cl - HR), increases with the proton donating 

power i.e., the gas phase acidity of HR. The higher “AHy 4 
for methanol relative to water was ascribed to a higher 

gas phase acidity of methanol which was in agreement with 
gas phase acidity measurements by Brauman and Blair (131). 
The present results extend the comparison to higher n. In 
Figure (7.5) one observes that methanol remains a better 
"solvent" also for higher n but that the difference between 
methanol and water decreases with increasing n. Extrapol- 


ation of these -A values indicates a possible cross 


ae en 
over i.en ca, larger —AH for water at the AH y 5 step. Earlier 
LA 
gas phase solvation work (75) has indicated that the trends 
in the ~AH ea values observed even for only the first 
at J 


four or) five steps reflect differences iny the (total single 


ion enthalpies and free energies of solvation. This seems 
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to be the case also for the Cl solvation by water and 
methanol. Since the measured differences between the 

Way fa for methanol and water are small and followed by 

a possible cross over, the present results indicate only 

a small difference between the total enthalpies of solva- 
tion of Cl by water and methanol. Choux and Benoit (132) 
have estimated a small positive enthalpy for transfer of 
Cl from HO to CH,OH: SH Gast dh alt = +i.9 keal/molle. ont 
this estimate is correct then the indicated cross over in 
Figure (7.5) is probably real. The free energy differences 
(Table 7.1) show a trend similar to that of the -AH differ- 


ences, however the relative decrease of the -A for 


Sie ien 
methanol is more rapid, such that a reversal with water 
becoming more favoured is observed already for the (3,4) 
step. This suggests that the free energy of C1) “transfer 
£tom HOH Sto CH 0H should be small and positive - a result 
Wouieh. is, in agreement with the conclusions) of Parkergeteal 
(13.3 )ne 

A comparison between the = oer and a6 Sie values 
for Cl and the other halide ions and the protic and apro- 
tic solvents HOH and CH CN was reported earlier (74). The 
most Significant finding was that acetonitrile at close 
range (low n) gives stronger interactions than water but 
that the interactions become very much less favorable at 


high n. Furthermore it was found (74) that the small ions 


(F ) showed stronger interactions with water while the 


7 PE a 4 : _ 


> Ss. : 


bys rotew Ya aghdnv ies “fet aa. : 
eit teswisd eebunsat it anaes 


yd bowalfo? Snes Lemme Ste 193 sal bas: sSiaemee . i. 
qin 3 so ilbai ad Laaen sasasna ect ian ataies ad 
-svboe 2 go!q edie tejo3 wiz olga spagze3? ib Fe — 

(KE) 2i08a8 — xiro -lonsdsem Sas zozew vd” ie i | — 


io tetenss “ct vate (thie evitieod ‘Themes vabsaisce aved ia 
“4 
+2 .afom\isot @.f+ = _. anes" THO, HS on Om 7 


7 
al tevo 88029: teedaaitbe st as “ats s0eyio® ai opnaitee ede 


seOnerSsti kh yptans. a ed? .iset yidedorg: ei (2.ty. empl 


>) 


an 


—ye22ih Hh~ ork Fo” ‘tens et wslimts bao? es wode (L1.% otds?) 

| ev? at tya~ eit +9 S2ea158b avisdies ais steveword sai 
a Saari | ; 7 

i vasew dgiw Sseusver @ Yad? home biqss stom at rosigdts ao 


a S,£) oft 20} ybpeale bevrseds ef bewwovs? axon pnimooec a, 
7 : a. oe ; a 
qtadezd (9 te Yetens So07 ed? serid eteoppve aint ,qose 

| 
| Fiwesx s - ovigtag@ bas Iieme-ed blwoda HO, H2 03) HOH rs ah 
- le Jo 190167 20 Sepsaetoney ont Atiw esate a mt at por _ 


ron -<e 
7 iy ’ ‘aes £ fy - 


Co a 


samen ay teh bob ike Pa ard meowted: aoetts Hoa a < i 
siadien bre 2 305m ats, bits anOP moto aeddto out prs 19 x08 | 


ey 


‘oat .4bS) wetites: pisses aed 


@aetc 38 elivginedeon yaad ay 


_~ 


| bas HOR cana ie S ete 


7 
, 


padi ts dasothi nei d 20m 
gaara aevty! (a wot) spas 


pe _ 


sens 


= 


aes re. wad ceaainiaadie 


6 sidstowst nret tum YIN eae no i3 nomen 


for thsi ais sat (A) Sawa aad atom wrinittas webs oi 


as ‘ te +i snot 65 fetut 2 +s P mS: Je s bow 


bpm 


interaction with acetonitrile became relatively more 
favorable “asthe size Of the don increased. “ This result 
was found to be in agreement with transfer enthalpies and 
free energies for the liquid solvents (HOH——+ aprotic sol- 
vent) which had been determined (132,133) to be positive 
for small ions (F ) becoming progressively smaller and 
turningwnegutive “for Large tons (1 )”% 

The solvation of Os (Figure (7.5) and Table’ 7-1) f1ts 


2 


Similar general trends. The ~AHL values of Figure (7.5) 


-l,n 
show that oO,” falls between F and Cl and may thus be con- 
sidered as an ion which has a "radius" falling between those 
of F and Cl. Correspondingly the difference between the 
values for HOH and CH CN observed for 0, is larger than 
that observed for the larger ClTSvone Tt is-also found 
that the solvation by methanol becomes unfavorable at much 
smaller n-l,n values since a cross over occurs already 
after (0,1). From the example we are led to expect that 
ion transfer from the liquid solvent water to methanol 
should show transfer enthalpies which decrease as the size 
Of the tom is increased. This is borne out by the deter-— 
Minations of Choux and Benoit (132). 

Of course the oe ion is not symmetrical. The simple 
MO description puts the three outer electrons in the doubly 
degenerate nonbonding 251, Orbital. This Means’ that 10 the 


unperturbed oo the negative charge should be spread out 


to the two ends of the ion. One would expect that the 
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presences ofvarmolecuie dike, HON; and CH OH withtagparntially 


3 


positively charged hydrogen atom will induce a partial 


2 
with the polar molecule attaching itself effectively to 


shift of electronic charge to the one side of the O ion 


that side. The behaviour of 0. as an ion "smaller" than 


‘Cl is thus not unexpected. The addition of a second and 
further molecules might then engage both oxygen atoms. Un- 
fortunately the data in Figure (7.5) do not seem to show a 
consistent behaviour. Thus the hydrates show a small fall 


off between -AH and -A (compared to that of F ) 


0,1 ate 


however, the methanol results give a fairly large fall off 


for the same step. 


2 
one can predict that its total enthalpy of hydration will 


From the general position of the O in Bequre (7.5) 
be close but lower than that for F . Since AH (BE) = -113 
kcal/mole and AH, (Cl) =)-81.3 kcal/mole (115) “onesmight 
expect a AH, (0, ) ~ -100 kcal/mole. The transfer enthalpy 
from water to methanol should be small and positive while 


that to acetonitrile also positive but considerably larger. 
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Viti Thee’ Competitive Solvation of NH 5 by H,O and NH 
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(ol EnEroducts on 

The positive jon-molecule reactions occurring in pure 
ammonia were one of the first systems investigated in this 
laboratory by high pressure mass spectrometry (71-73). Hogg 
and Kebarle investigating the relative concentrations of 
the mixed composition clusters H” (NH3) (HO) present in 
various mixtures of water and ammonia observed that the 
composition of the clusters showed the following trends. 
One molecule of ammonia seemed to be retained under all 
circumstances. In clusters containing less than five mole- 
cules in addition to the proton, five ammonia molecules 
were found to be retained with a probability greater than 
statistical. These results were interpreted to mean that 
the clusters had the NH,” ion as a central species and 
that there was an inner shell corresponding to four mole- 
cules hydrogen bonded to the NH. The ammonia molecule 
retained under all circumstances corresponded to the NH,” 
while the other four ammonia molecules corresponded to the 
ammonia preferentially taken up in the inner shell. 

The early investigation of water ammonia mixed 
clusters was done at a single temperature and at a time 
when the investigative techniques had not been well 
developed. Therefore it was considered of importance to 


reinvestigate this system and its temperature dependence. 
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Bie Experimental Results 
A. Pure Ammonia 


In dry ammonia the main positive ions formed on 


electron bombardment are NH iy and NH is Both of these 


3 2 
ions react rapidly with ammonia to yield the NH. LON. 
Noe eh ON = ee Ne 
3 3 4 2 
+ + 
NH. oe NH, —~> NH, + NH 


These reactions are fast, proceeding at rates of 5 x 10. 


and 8.4 x tag om? molecule? us respectively (136). 


NH,” then forms NH,” (NH3)_ by the following reactions: 


+ “ 
NH) ar 2NH, =< NH, “NH. “2 NH, 


NH. NH. + 2NH. <= NH,” (NH) 5 + NH 


4 3 3 3 


+ + 
NH, (NH) + 2NH a> NY (NH3) + NH3 
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The only significant positive ions formed in dry ammonia 


+ 
were found to be NH, (NH). - 


+ ; 
The time dependence of the NH, (NH,) ions was 


observed in all measurements, and it was found that the 


ratios of the ion signals remained constant with time after 


the initial electron pulse except for the first 100 us 


Or 


so. To ensure that the ions were in equilibrium several 


determinations of the equilibrium constant were made at 
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various ammonia pressures at a given temperature. Some 
results are shown in Figure (8.1) for several experimental 
temperatures. As can be seen from Figure (8.1) the measured 
equilibrium constants are independent of ammonia pressure 
within the scatter of the data. Van't Hoff plots of the 
‘data are shown in Figure (8.2) and the thermodyanmic par- 
ameters are summarized and compared with previous results 


from this Vaboratory in Table 3.1: 


Be The Ammonia-Water System 

To study the solvation of NH, by water it is con- 
venient to generate NH, in such a way that only the 
NH,” (H,0) vons Will be formed. “It was found thats by 
adding a small amount of ammonia («1 mtorr) to a flowing 
stream of several torr of water the species NH,” (H,0) 
were formed in abundance. By maintaining a low partial 
pressure of ammonia the undesired ions NH,” (NH3) and 
NH,” (NH) ,(H,0) were not formed in significant amounts. 
‘Si 


HO), 


in mixtures which contain traces of ammonia in water 


The study of NH, clusters sis practucoaisenly 

vapour. Higher concentrations of ammonia lead to the mixed 
fn +. 

clusters NH, (NH3) , (HO). On the other hand no H,0 is 

present even when only traces of ammonia are used since 

the proton affinity of ammonia (PA (NH) = 207 kcal/mole 

(137)) is so much greater than that of water (PA(H,0) = 165 


kcal/mole (137)) that NH, is the exclusive ion at equil- 
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FIGURE 821, Boullibrium constant Ky 1 for the reaction 
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+ 
NH.* + NH, —= NH, .NH,-at several temperatures: plotted 
4 _— 4 3 


versus ammonia pressure. 
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Thermodynamic Values for the Reactions 
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rife ses bhi Po dB ares NH,” 10On Will. them form NH,” (H,0) in a manner 


analogous to that described in the previous section for 
+ 
NH, ( 


stationary with time and the equilibrium constants were 


=P ay : 
NH3)_- As before the NH, (H50) . ion ratios were 


found to be independent of the water pressure. Examples are 
shown in Figure (8.3) for several experimental temperatures. 
The equilibrium constants in the NH,” (H,0) system were 
independent of the partial pressure of ammonia. A van't 
Hoff plot of the data is shown in Figure (8.4) and the 
thermodynamic data are summarized in Table 8.2. 


ey Competitive Solvation of NH s by Water and Ammonia 


4 

The mixed cluster ions NH 4” (H50) | (NH) _ were formed 
in water containing a small (few percent) amount of 
ammonia. Since water was the carrier gas, its pressure 
could be determined directly with the manometer. The 
partial pressure of ammonia was determined by observing 
the equilibrium in reaction (8.5). The equilibrium con- 
stant for the individual steps in reaction (8.5) at various 
temperatures may be obtained by an interpolation of the 
van't Hoff plots shown in Figure (8.2). Thus knowledge 
of the equilibrium constant, the. temperature and the ratio 
of the clustered "pure" ammonia species permitted the 
evaluation of the partial pressure of ammonia. 

In this mixed solvent system the number of different 


positive ions that may be observed at a given temperature 
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Thermodynamic Values for the Reactions 


NH, (H50),_, + HO —= NH, (1,0), 
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may be as large as 12. These ions may differ considerably 
in relative intensities and thus a long time is required 
to accumulate a signal in the multiscaler. It was found 
in practice that as much as two hours was required to 
record all signals. However, during this time period the 
-all over intensity of the signal would drift substantially 
and the results were unsatisfactory. To overcome the 
problems centering about the long time required to perform 
the measurements, the integrated ion intensities were 
recorded in a gated single channel scaler. A pulse gen- 
erator was introduced between the master pulse generator 
which closed the gate for an initial time interval such 
that the scaler would only count those ions which arrived 
at the detector at ce greater than 100 us after the 
electron beam pulse. This was done because in the time 
interval when the electron beam is on and for a short 
period thereafter the ion intensities are not representa- 
tive of the equilibrium populations. Spot checks were 
made with the multichannel scaler to ensure that the ratios 
of various ions were constant with time. No significant 
difference was found between the equilibrium constants 
evaluated by both methods. Several measurements were made 
at different water and ammonia pressures at each experi- 
mental temperature and the equilibrium constants were 
averaged at each temperature for a best value. 


Figure (8.5) displays the van't Hoff plots for the 
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FIGURE 8.5. van't Hoff plots of equilibrium constants 
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for the formation, ob NH, (NH) , (H,0) where for w = "2. 


For explanation of notation see text. 
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cases when the NE,” ion has two ligands attached. Figure 
(8.6) and Figure (8.7) display similar plots when the 

NH,” ion has three and four ligands respectively. The 
reaction corresponding to each van't Hoff plot is indi- 
cated with the following notation. For example (now, noW,) 
pecrresponds to the reaction 


se : + 
NH, (NH) .-H,O + HO a NH, (NH) 5 (HO) 5 (8.6) 


The enthalpy changes for the interconversion of the various 
ions as calculated from the van't Hoff plots are summarized 


im Table 8.3. 


Step: Discussion of Resaits 
ae PF : + 
A. The NH, (NH3) . and NH, (H50) . Systems 


The present results for the NH,” (NH) system are 
presented in Table 8.1. The present results compare 
favourably with those of Searles (135). However, there 
is some disagreement with the earlier published results 
frome Laboratory: (/ i=/3)" 

As may be seen from Table 8.1 there is a sharp drop 
in -AHL aon trom (3,4) to (4,5). The enthalpy for the 
addition of the fourth molecule of ammonia to NH” fee 
iseonly Loo kcal/mole less than “4H. 3 while “AH, 5 is 
some 5 kcal/mole less than “Ah, 4° Also there is a sharp 


drop from -AS. 4 to “AS, 5 indicating that. thes firth 
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for the formation of NH, (NH,) (H,0),, Where n + w 


For explanation of notation see text. 
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For explanation of notation see text. 
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TABLE. SO. 5 


Thermodynamic Parameters for the Addition of Successive 


Ligands to NH,” 

Reaction® SAH -AS ee -AG hs 
Onna 24.8 + 0.4% 25.9 + 0.7 Lol cte Os 
0,W, Iho: (OR 4 Ling! 1 ten Oe d alg ee Oo 
nj MN, Pie) 02 Peet Ure sie) oun lie 
ny mW, 12.9 + 0.3 20.3 + 0.7 6.9 + 0.4 
Ww) m4w, 18.4 + 0.5 Doe te Ws2 11.6 + 0.6 
Wary Le tO 21.9 + 0.3 8.2 + 0.2 
mene Toho see Oe 2 25.7 + 0.4 6.1 + 0.2 
fe + c0v3 

N5,n5W, P24) 47 '0:.12 EMTS ag 10) ANS) Dis Omer 
ot 02 Oilers tase a, OPS ee a) 

nyW MQW, by ue OTS) BE az 
THO Hii Wot? saline 25.0 + 0.9 5.3 + 0.4 
Wo Wo Ue22 et 074 B20 So tel. 0 ese 
Wo Wy 13.4 + 0.2 25.1 + 0.6 5.9 + 0.3 
Der) 12.5 + 0.4 29.4 + 1.2 3.7 + 0.5 
N3/N3W, ed Oreo 2iisoot Led 3 dye OS 
Bow naw, 15.0 4 0.4 ch ced ae dle 4.7 + 0.5 
noW, Now, i te 0S AS Se aa re) Sid Oa 
nj Wo NW, Is./ 9+ 0.6 33509 b 139 J OF US 
nyW5/n Ws TZ 0.3 ZO Sete O . Belt 0.4 
w2/1,W, U7e3. 4.120 ey aeons 6.9 + 1.4 
WW, P2e Os 3 27.3 + 0.8 4.1 + 0.4 
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ammonia molecule is not as tightly bound as was the fourth. 
This was previously interpreted as evidence for the forma- 


tion Of an “inner shell or Wigands (71). This behavrour 


+ 


4 ion and 


must be due to the tetrahedral shape of the NH 
the pyramidal shape of the ammonia molecule which in the 
NH,” (NH) , species permits the formation of a compact but 
uncrowded structure. 

As may be seen from Table 8.1 there is a large drop 
ry oe, between (0,1) and (1,2). A possible explana- 
tion of this phenomena is that the reaction (0,1) leads to 
a symmetrical species of the form Pore eats where 
the proton is shared between the two ammonia molecules. 
Theoretical calculations (138-140) have shown that the 
corresponding ion Hy Coe oe in the proton hydrate 
system has a structure in which the proton is equidistant 
between the two oxygen atoms (see Chapter 9). Thus 
such a symmetrical structure for (NH) does not appear 
unreasonable. The addition of the third molecule of 
ma 


NH may lead to a reorganization 


ammonia to form NH, 3)2 
of the cluster in which the special symmetry of the 
Hote merle cents 1S absent. THiS iS COnNSIStEnNt with the 
decrease of ee relative to =e 
Table 8.2 summarizes the data for the formation of 
NH cata O)}Pe: ae Ollpatelitge tie soni for the addition of 
4 Oem L a rat 


ammonia (Table 8.1) and water to NH.” one finds that the 
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mee a for the addition of ammonia (24.8 kcal/mole) is 
considerably greater than that for the addition of water 
(17.3 kcal/mole). This may be interpreted to mean that 
ammonia is a stronger gas phase base than water. The 
trends in mT for the NH,” (H,0) system are similar 
to those for the NH,” (NH3) system although these trends 
are less pronounced. The addition of the fifth molecule 
of water involves a smaller enthalpy change relative to 


the addition of the fourth molecule than was the case in 


the NH,” (NH), system. Also the difference between -AH 


ar pal 
: + 
and mol ese us smallers In the NH, (H50) system the 
“AS 1 me increase regularly from (0,1) to (3,4) and then 
v 
there is a drop from -AS to -AS which may be inter- 


3,4 4,5 
preted as the formation of an “inner solvation shell" of 
four water molecules about the cs 


or -AG for the sacdi- tion, oo 


i ene Ss Foal 


Sea 
water and ammonia to NH,” are compared it can be Seen that 
these parameters are larger for the addition of ammonia 
than the addition of water. This is particularly pro-— 
nounced for the addition of the first few ligands (7 = 15,2). 
However, for n = 3,4 the measured thermodynamic parameters 
appear to be equal for the two systems. Thus the attach- 


ment of ammonia to NH,” is preferred over water for the 


first two steps but alter this the preterence as minimal. 
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The enthalpy values for the addition of ligands to 
the mixed clustered species are displayed in Table 8.3 and 
Figure (8.8). The values for the "pure" clusters 
NH,” (NH), and NH,” (H0) are taken from Tables 8.1 and 
8.2. The remaining values were calculated from Figures 
(8.5 - 8.7) and are less precise than the values for the 
"pure" systems since the van't Hoff's plots in some cases 
cover a rather narrow temperature range. 

Some interesting correlations are immediately evi- 
dent from an ‘examination of Table 8.3. The addition of 
an ammonia molecule to any one of the mixed clusters is in 
all cases favoured over the addition of a water molecule. 
For example the -AH for the addition of ammonia to 
NH,” .H,0 is 18.4 kcal/mole, while -AH for the addition of 
water is only 14.7 kcal/mole. Similar trends in -AH may 
be seen from an examination of Figure (8.8) for the higher 
clusters, although as the number of ligands about the 
NH,” increases the effect is less pronounced. 

The addition of ammonia to a cluster is most favoured 
when the cluster has no ammonia ligands and the favourabil- 
ity decreases as the number of ammonia molecules in a 
eluster of given, S1zesincreases., The preterence, for 
ammonia is not only reflected in the larger -AHws for the 


addition of ammonia to the clusters compared to water (see 


Figure (8.8) but is also reflected in the free energy changes. 
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4 Ud 


fox the#eddition of ammenta 19917. leversuse llw4ekcal/mole 


Form the addition of the first Ligand to NH elekes SNE 


for the addition of water. Ammonia is preferentially 
attached when the NH,~ has one ligand. The -AG for the 


4 


addition of ammonia to NH,’ .H O is 11.6 kcal/mole while 


D 
_for the addition of water -AG is only 8.2 kcal/mole. The 
trends are similar although less pronounced as the number 
of ligands about the central NH,” increases. For the 
addition of the third ligand, ammonia uptake is most 
favoured for NH,” (H,0) 5 where -AG = 9.2 kcal/mole, is less 


favoured for NH, .H,O.NH, when -AG = 7.6 kcal/mole, and 
is even less for NH,” (NH) where -AG = 6.1 kcal/mole. 
For the three ligand clusters, -AG for addition of ammonia 
decreases in the order 6.9, 5.6, 4.7, 3.7 kcal/mole as the 
number of ammonia molecules in the starting cluster in- 
creases from 0 to 3. These results strongly suggest that 
ammonia is the preferred solvent for NH,” compared to 
water. This ts probably due to the higher proton affinity 
of ammonia compared to water. That is ammonia is a stronger 
gas phase base than water. 

Hogq and Kebarile (72) were able to interprec tiere 
results for the formation of NH,” (NH3)_ (H,0),, in terms of 


a shell structure when the number of ligands about the 


NH,” is 4 by assuming that the free energy change for 
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reactions such as 
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was poSitive and the same for all values of n and w. In 

the light of the present data this is not true. The approx- 
.imation is quite bad for the small clusters but becomes 
progressively better as the number of ligands on the NH,” 


increases. 
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IX The Protons hydrates 


yest THeEsOcuction 
The attachment of water molecules to the proton to 
a 
form H (H50) . may be regarded as the first steps leading 


co the “hydration of the proton. Thus the reactions 


+ + 
SC) eee Or (g..4) 
are of a fundamental nature. Kebarle and Godbole (141) 


while studying the ions formed by the alpha particle radi- 
ation of laboratory air some ten years ago made the 
accidental observation of Hen0E (OD en These ions were 
formed by ion-molecule reactions involving traces of water. 
A systematic study was undertaken of the thermodynamics of 
formation Of Hy (1,0) — C82) 

This study, the first of its type dcne an’ this 
laboratory, involved sampling ions from the ion source 
continuously while ionization was induced by alpha particles 
or high energy protons. It was assumed that the measured 
ion ratios reflected the equilibrium populations, The 


equilibrium constant is then given by 


bs Gr 
H (HO) 


oe! Ton : (9.2) 
4 ie or 
H (H50) 4 HO 
and the thermodynamic parameters were obtained from the 


VarlatLon Ot Ko en with temperature using van't Hoff's 
~+te 
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relationship. 

Recently Field and coworkers (37,40,41,43) (here- 
after referred to as Field) have undertaken a study of 
reaction (9.1) using the chemical ionization technique. 
This approach is essentially the same as the present 
except that there is a repeller electrode in the ion 
source which reduces the ion residence time in the ion 
source yeo. LO-GOi mis af40)i 

The results of Field are in vast disagreement with 
the previous results from this laboratory for the lower 
equilibria, i.e. for (1,2); and (2,3). — However, tagreement 
is quite good for the higher clustering reactions (3,4) 
etc. The value of Sy (at 300°K) obtained by Field (40) 
is from ten to thirteen orders of magnitude different from 
the previously reported value from this laboratory. The 
results of Field are in such vast’ disagreement. witth those 
of this laboratory that the entire basis of the experi= 
mental method is open to question. The proton hydrates 
equilibrium was one of the earliest systems investigated 
in this laboratory and considerable improvement in experi- 
mental technique has been made since then. Consequently 
it was decided to repeat the measurements. 

There are several things which suggest that Field's 


data is in error. First, the measured equilibrium "con- 
stants" reported by Field vary with all variable parameters 


of his instrument. Field (40) reports that the equilibrium 
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"constant" varys with the total pressure of gas in the 
ion source, the nature of the carrier gas, the partial 
pressure of water, the value of the repeller voltage, the 
accelerating voltage of the mass spectrometer and the 
potentials of the electrodes in the ion acceleration sys- 
tem. These variations are between a factor of two and a 
thousand. After noting this Field concludes that he does 
".,.... not understand the reason for the discrepancy 
[between his data and that previously reported] "! 

The second and probably more important source of 
errors in Field's experiments is that the residence time 
of an ion in his ion Source is so short (~20 us) and the 
partial pressure of water so low in many measurements 
(<2 mtorr) that the reactions proceed only to ‘alveny 
slight extent. That is the kinetics and reaction times 


are such that equilibrium will not be even remotely 


approached except under the most favourable of conditions. 


Dy s2 Experimental Method 

In this experiment an attempt was made to approach 
the conditions used inthe experiments of Field. The pre- 
vious work from this laboratory had been performed either 
using pure water or small amounts of water in argon. Field 
conducted his experiments of the lower equilibria either 
in methane, propane or isobutane containing traces of 


water. Most of the experiments in the present study were 
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conducted with methane as the major gas, but some experi- 
ments were performed with ethane Or propane as the major 
gas. 

The partial pressure of water in the flowing gas 
was determined using a calibrated capillary for the 
addition of water. This capillary consisted of roughly 
i msof 0.010" asd. stainless steel tubing. This type: of 
Capillary has a number of advantages over the short glass 
capillaries used in the previous work described in this 
thesis. The glass capillaries, because of their short 
length, have a very small diameter and consequently easily 
plug with foreign material. The larger diameter of the 
metal capillary overcomes this difficulty. It is possible 
to calibrate the metal capillary using the "weight loss" 
method described in Chapter 4. The calibration of this 
capillary has been found to remain constant for long (1 


year) periods of time. 


LS ees Ion Production and Data Analysis 


The principal ions formed by electron impact in 


methane are ans and CH,” (35). These ions react rapidly 
(1082 om? molecule + een) with methane to yield Chas and 
a 
CoH. (ROS GSE) Me 
ocr cn en (9.3) 
Sele es 5 3 : 
-- 
CH Ce are CO + H (9.4) 


a 


a eee Pay 
aye ns - j ‘ nh Me 
ey Py 


agit , 


a0 


-ixeqns sme dain ert as 
totem sit 26 = x0 enedte dt 
tty wee — 

esp paiwolt she tegaw 2o siueeetq Is tsisg pas 
sid 103 ye Ligne betesdilen # palae bonimeteb 28¥ 
yldpuow te shana ee yiseiliqa® eifT .tetaw no aolsibbs: 
20 aqys shit) -peikies lesta eselmista .b.1 SOLG caer: 
sesip drole sit xavo eopavnevhs 20. tsdma's esd yaslitges 
zint at beditorsh Xtow evoivesq eut al hoey esixelLiqss 
suede tt9Mf Ho sagsoed ,eslvelligss eeslp edt steers 
yliess yJsdeupeends bia, totemsth Sieme yxev a saved ,dtpael. 
oid to tétemekb aspxsl SAT .iektetem opterot citiw ealq 
sidiscog ei 21 ‘syaTupdt2 ib ett+ esmonieve yisiliqso Lstem 
"seol sadptsw" edy pater yaslliqae tasem emt essidiiso of 
eid io notteiditss edt 1 xesqanid ni bedizoeeb boston 

LS) phol +oF gree Lata ot Boot ased esd ent gee | 
omit to ebotreg (8eY 


i toeqE noxtnets’ > ile Sa a ‘alibiaiall, att | 
Yibiqsx tosex anot sasat tae) “pe bas * pho ae 


sons * 380 Bas oa enmsisam xan (Ae “eteoetom Sam Sane) 


> 


BZ. 


ine resulerug prodquct™1onsecH Hyanereen” react rapidly with 


5 205 
water yielding Boies 
cies 
+ 0 ae HO" + neutrals (955) 
chro 
2:5 


. ‘ 
The resulting HO then forms the higher proton hydrates 


by the reaction sequence 
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+ ik i 

ie) H,0 + HO +> M =e (HO) 5 + M (9.6) 
ah 

(OG ae (Hi © ee a a Backs Fas ( Ot 9.7 

' yee) 2 a 5° linet al (9.7) 
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Extensive studies from this laboratory (61,67) and from 
measurements with stationary afterglows (142), flowing 
afterglows (48) and drift tubes (143) suggest that reactions 
such as (9.8) are third order in the forward direction and 
second order in the reverse direction for total gas pres- 
sures in the torr range. 

The temporal profiles of the ionic species were 
recorded in a manner analogous to that previously described 
(Chapters 2 and 4). The kinetic analysis and equilibrium 
constant determinations were done in the usual manner 


(see Chapters 2, 4, 5 and 6). 
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9.4 Experimental Results 
A. Kinetic Measurements 


The kinetic measurements were done at methane pres- 
sures from 2.5 to 6.0 torr and water pressures in the 
range Sto 100 "mtorr. © In Figure (9-1) 1s dusplayed the 
time dependence of the proton hydrates in a typical deter- 
mination. As may be seen from Figure (9.1) the reaction 
sequence is H,0—+ H” (HO) 5 cae Ee (Cee) ae The normalized 
data for Ergure (951) -is showngin figure (922)—) The 
solid lines through the experimental points are the 
analogue computer calculated intensities based on the 
above reaction mechanism and the rate parameter summarizes 
in; Table 9.1. In Figures ((9°3-9 213) aregdisplayed the 
normalized ion intensities along with the calculated time 
dependencies for the data of Table 9.1. 

The rate of conversion of BE Oe EO HiHeaie coudd 


also be determined from plots of the log 4,07 vs time: 
Some typical examples determined at 125°C for various 
water pressures are shown in Figure (9.14). In Figures 
(9.15-9.17) are shown several plots of v ,/(CH,] vs [H.0] 
at various experimental temperatures demonstrating that 
the reactions depend on the first power of the water 
concentration. Table 9.2 summarizes the final kinetic 
parameters for the proton hydration reactions. As may 


be seen from Table 9.2 the rate constant is sharply 


dependent on the temperature. <The rate of the reaction 
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Rate Constants of Reactions Leading to H” (H,0) 
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FIGURE 9.4. Time dependence of normalized ion inten- 
sities. The curves are the calculated time dependence 


for the rate parameters summarized in Table 9.1. P oH 
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ELGURE 9)..5). Time dependence of normalized ion inten- 
sities. The curves are the calculated time dependence 


for the rate parameters summarized in Table 9.1. P oH = 
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FIGURE 9.7 Time dependence of normalized ion 
intensities. The curves are the calculated time 
dependence for the rate parameters summarized in 
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FIGURE 9.8. Time dependence of normalized ion 
intensities. The curves are the calculated time 


dependence for the rate parameters summarized in 
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FIGURE 9.9. Time dependence of normalized ion inten- 
sities. The curves are the calculated time dependence 
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FIGURE 9.10. Time dependence of normalized ion inten- 


The curves are the calculated time dependence 
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FIGURE 9.11. Time dependence of normalized ion inten- 


sities. The curves are the calculated time dependence 


for the rate parameters summarized in Table 91. Pon 
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FIGURE 9.12. Time dependence of normalized ion intensities. 


The curves are the calculated time dependence for the rate 
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FIGURE 9.13. Time dependence of normalized ion inten- 


sities. The curves are the calculated time dependence 
for the rate parameters summarized in Table Diawilss 
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H,0 + H,O + CH, ———+ H (HO), + CH, (929) 
whiehbe = 1 10.) cat enodecuiaes te arate on tempera- 
ture decreases to~7 x Waa em® molecule - a at’ D800 7k. 
This is a decrease in the rate by a factor of 200. ‘This 


temperature dependence of ky is displayed in Figure (9.18) 
Whee, ae pLoOt of Log ky vs U/T Us shown. “This plot feads 
to an "activation energy" of -4.9 kcal/mole. The tem- 
perature dependence of this termolecular reaction and 


several other reactions is discussed in detail in Chapter 


10. As may be seen from Table 9.2 the rate of reaction 
+ PS + 
H (H,0) » + H50 + CH, ———» H (HO) 5 + CH, (2710) 


also decreases with increasing temperature. 


Eromerigure: (9218) a value of ~1 745s ton cm® 
molecule * he for reaction (9.9) at 300°K may be estim- 
ated as was mentioned previously. However, from Figure 


(10.19) in which the temperature dependence of (9.9) 


is expressed in a somewhat different form from Figure (9.18) 


a value of ~5 x Toe cm® molecules ae may be estimated. 


The values Of k. at 300°K reported Nere must be Teqarded 
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cm® molecule * st and k, ae sss ave cm? molecule? es 

With Mos H. at 300°K. Kebarle etal (61) repert “values 

(one kjk, and k. Offi 3x ee! om® molecule? Sot with 

M= 05, N. @t 317°K. Young and Falconer .(143)@determined 
ky Saale aX lens cm® molecule: — Eo k, = 1.0 x ig cm° 
molecule? a and k,~2 x reciease cm® molecule? Sen with 

Me 0. at 310°K. Puckett and Teague (142) have measured 
ky Semel ae heats) Ps rel cm® molecule? go ati296°K weth 


M= NO. Thus the present extrapolated values at room 
temperature appear reasonable. The somewhat higher value 
of ky determined in the present experiments with M = CH y 
is reasonable in that a higher stabilization efficiency 


is expected for CH, over the diatomic gases. 


By Equilibria Measurements 

The determination of the equilibrium constants for 
the hydration was done as previously described in Chapter 
6. in Figure (9.19) is shown the time dependence oftthe 
ions H,0° and Bee) at 518°Cin 4.0 torre of methane 
containing 99 #/ mtorr of water. As May be seen, tie log 
plots of the ion intensities are parallel over most of the 
observed’ range indicating that the ion ratios are Statron— 
ary with time and that équilibrium has been achieved 
between the ions. Figure (9.20) shows a plot of) the 


normalized ion intensities as a function of time at 518°C. 
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The equilibrium constants were found to be indepen- 
dent of the water pressure over a wide range. In Figure 
(9.21) 1s) shown a plot of ee as a tunction of water 
pressure for several experimental temperatures. The 
equilibrium constants were found to be independent of the 
pressure of methane. Several experiments were conducted 
with ethane and propane as the carrier gases. This was 
done since Field (40,41,43) reports a rather drastic 
variation in the equilibrium constant on altering the 
major gas. In ethane so many ions were observed that it 
Mas eGltticuley comdetLermine Walucsnon she olen iGcee- sR) 
believed that the ions other than Ho (Hole were caused 
by small amounts of impurities in the ethane. Unsaturated 
hydrocarbons have ionization potentials which are gener- 
ally lower than that of ethane and thus charge transier 
to these impurities is expected. 

Several determinations were made using propane as 
fhe carrier gas. In this case the impurities were not 
as severe a problem. ‘The principal ion series in this 
case was Cue (H9) The propyl hydrates were also 
reported by Field (41). The proton hydrates formed the 


second most important series of ions, but many other 


apparently pure hydrocarbon ions were also present 
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(e.g. m/e = 86 corresponding to C The proton 


cig )- 
hydrate intensities at long reaction times led to equil- 
ibrium constants which were equal, within experimental 
error, to those observed with methane. The propane 
system was not subjected to detailed study since being 
rather complex it was not convenient to use. 

In gaigure: (9.22)> is shown a van't Hotf= plot of 
the present values of the equilibrium constants along 
with the previously reported measurements from this 
laboratory (82). The thermodynamic data from the van't 
Hoff plots is summarized in Table 9.3 along with the 
results of Field. 

As may be seen from Table 9.3 the results for the 
(3,4) equilibrium are the same within experimental error 
for all investigations. The difference between the 
present results and those of Field for the lower equilib- 
bla us huge: and will be discussed tin section) 9.5.) sine 
difference between the present results for the lower 
equilibria and those of Searles (82,135) is rather large 
and is beyond experimental error. The present work 
yields values .of 31.6 + 0.4 and 19.5 + 0.3 kcal/mole for 
~AH, 2 and ae respectively. Searles (135) reports 
values of 36 and 22.3 kcal/mole. However, analysis of 
the data of Searles (135, Table 5.1) by the present 
author yields values of 35.0 + 1.5 and 20.2 + 0.7 kcal/ 


mole for the respective enthalpy changes. Furthermore, 
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it appears that the temperature measurements of Searles 
(135, Table 5.1) are rather questionable. Searles 
employed an averaging technique to obtain a value of the 
ion source temperature. If this averaging technique is 
not employed, the data of Searles are equivalent within 
experimental error to the present results. Thus the 
difference between the present data in Figure (9.22) and 
that previously reported from this laboratory is not 


regarded as serious. 


Ce Temperature, Dependence ofsDi fiuszon 
In Figures (9.1) and (9.19) are shown the temporal 


behaviour of the ions for two quite different ion source 
temperatures (125°C and 518°C respectively) at roughly 

the same total pressure. As may be seen the decay of the 
total ionization is much faster at the higher temperature. 
As was mentioned in Chapter 3 the accelerated rate of 
diffusion at the high temperatures casts some doubt on 

the measurements of the No” ci No==N, equilibrium. The 
increase in the rate of diffusion with temperature is to 
be expected since the Chapman-Enskog (89,p.435) theory 

of ionic diffusion predicts that the. diffusion coefficient 


D varies with temperature as 
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for a constant gas pressure and assuming that the potential 
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between the colliding particles may be expressed as 


Walaa) ee v4, 
Des Temperature Measurement 


At high experimental temperatures (~450°C), tem- 
perature measurement becomes difficult due toe drifttang 
of the ion source temperature during the course of a 
measurement. Also since heat doss by radiation is sub- 
stantial, difficulties may arise from heat loss from 
the region of the sampling orfice. This problem has been 
discussed previously (section 2.5). The temperature of 
the ion source assembly was monitored at three points; 
the usual thermocouple (T,) imbedded deep in the ion 
source block; a thermocouple (T.) mounted in the copper 
plate ([14] in Figure (2.1)) and finally a thermocouple 
(T 3) in the large disk (see section 2.5) mounted at 
the bottom of the electrostatic screen ([11l] in Figure 
(Qui) jo. Bath the copper plate yil4] and the dvske(lEl 
possessed independent electric heaters. 

In Figure (9.23), tseshown the etiect on etic 
equilibrium constant Ki 2 of varying T. and T 3. With the 
heaters in the copper plate turned off it was found that 
the plate was over 100°C cooler than the ion source at 
these temperatures. The disk however was several hundred 
degrees cooler. As may be seen from Figure (9.23) the 
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line in the Figure corresponds to the van't Hoff plot 

of Figure (9.22). In Figure, (9.23) the symbol >)implies 
that the temperatures differ by a small (30°) amount 
while >> implies a several hundred degree difference 

and ~ implies near equality. 

Unfortunately only two measurements were performed 
for high values of T 3. The radiation from the disk at 
the high temperatures (~550°C) destroyed a portion of 
the ion acceleration system and the experiment was 
abandoned at this point. Nevertheless the results indicate 
that radiative heat loss from the sampling orifice does 
not introduce any substantial experimental error, even 
at very high temperatures. It is concluded that the ion 


source thermocouple reflects the gas temperature. 


bis Effect of Repeller 

in Pigure (9,24) is shown ‘a plot of the obsenved 
temporal profile of the ion signal as a function of re- 
peller voltage. The repeller was mounted some 5 mm from 
the ion exit slit and the electron beam entered the ion 
source roughly halfway between the two. As may be seen 
the application of a repeller voltage has a drastic 
effect on the temporal behaviour of the ions. At high 
repeller voltages, the ions are "pushed" out of the 
ion source in a few tens of microseconds. At intermedi- 


ate values of the repeller voltage the effect is’ less 
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200 400 600 800 
TIME (microseconds) 
FIGURE 9.24. Effect of repeller voltage on the temporal 
behaviour of the ion signal. Points represent sum of all 
ions Camtt ote eo PCH, So a Okay PHO = (2.0 MConL, 
T = 126°C. Number following symbol is repeller voltage 
40 Volts. © 0, x 2, © 4, and © 8. At high repeller 


voltage the ion residence time in the ion source is 


reduced to a few tens of microseconds. 
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pronounced. Field has calculated that at typical repeller 
voltages in the chemical ionization technique that the 
lons are in the ion source for some 10-30 us. The elect— 
ric field from the repeller under the chemical ionization 
conditions of Field is comparable to the high values of 
the repeller voltage in the present experiments. Thus 
the present measurements support Field's arguments that 
the ions spend some 10-30 us in the ion source under 
chemical ionization conditions. 

in Figures’ (9.25) and (9°26) \isesiiown the efttect 
of the repeller voltage on the integrated ion signal. If 
equilibrium is achieved quickly between the ions then 
the integrated signal should reflect the equilibrium ionic 
populations. At comparatively high water concentration 
(27 mtorr) the value of the equilibrium constant calen— 
lated from the integrated ion intensities (Figure (9.25)) 
at zero repeller field is Lge = 1240 torr * which is 
close to the value of 1210 torr + calculated from the 
time dependence plots at zero repeller field. In Figure 
(9.26) the water pressure is low (2.85 mtorr) and the 
value of oie = 365 ore at zero repeller voltage is 
rouguily «al tactor of f6ur diiferent trom thal measured 
by observing the temporal behaviour of the ions at zero 
repeller field. As may be seen from Figures (9.25) and 
(9.26) the relative intensities of the ions vary with 


repeller voltage as does the apparent equilibrium constant. 
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FIGURE 9.25. Relative concentrations of proton 
hydrates as a function of repeller voltage. 
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FIGURE 9.26. Relative concentration of proton hydrates 
as a function of repeller voltage. POH = 4.0) “EOI, 
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From Figure (9.26) one may calculate a value of 
1 


B.2 107 torr |. Interestingly the ratio of H,07 to 
Ho}. is roughly independent of the repeller voltage 
under these conditions. “In Figure (9727) is shown, the 
temporal behaviour of the ions under similar conditions. 
in this plot the H,0” Signal decays exponentially to 

the noise ‘level. From this figure one may calculate that 
ye > 10% torr [, From Table 9.2 the extrapolated value 
of 2 at this temperature (125°C) is 1 x 10° torr +. 
Thiceismwa factor of 10° different from that calculated 
from the total ion intensities and demonstrates that 
considerable care must be exercised in determining the 


equilibrium constant when the concentration of the sub- 


strate is low. 


CHS Discussion of Results 

The present results are contrasted graphically 
with those of Field in Figure (9.28). As was mentioned 
previously the agreement is fair for the (3,4) equilibria. 
In general differences of up to a factor of two in the 
equilibrium constant may be expected. Such differences 
Arise from errors in Measuring the water pressure, cen 
perature, errors due to the method of sampling, and mass 
discrimination effects in the mass spectrometer. The 
difference between the present results and those of Field 


for the (2,3) equilibrium is large and the difference for 
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FIGURE 9.27. Time dependence of ion counts observed with 
: + + + 
mudtervscaler. O HO 7p. ae OF (H,0) 5, X26 (HO) , and + 


a — — ° 
H (HO) g- rain we Le Geka ”H,0 =S10n2 mtorr7oT =" 125°C. 


Equilibrium between the ions appears as a constant dif- 
ference in the log of the ion counts. Note complete 


ste ‘ : 
disappearance of HO in contrast with the behavior of 


the other ions. 
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thes) .2ygequi brhniunei sknugey 

Field has applied the chemical ionization technique 
bowthe tmeasunementilo£f tthem(l 72) equilibrium using three 
different major gases. With propane and isobutane ( 41,43) 
Field's results are identical but with methane he reports 
a Yastydik ferencesyneThis «is eshowniein sPigune b(9628)ies 
the two completely different van't Hoff plots reported by 
Field. These plots are to be contrasted with the present 
results. As may be seen from Figure (9.28) and Table 9.3 
the results of Field are not self consistent. 

Using methane as the carrier gas, Field reports a 
positive entropy change for the reaction 


HoOrae BGs H” (HO) 


3 2 2 


This means that the species H” (H,0) is less ordered than 
the two species H,0" and H,O. This is absurd if one 
assumes a reasonable geometry (bond lengths in the order 
Of angstroms) and *vibrational frequencies fox Hoo ee 
The thermodynamic parameters reported by Field using pro- 
pane as the major gas are less unreasonable however. 

The temperature range used by preva Lot tae tL 2) 
equilibria centres at about 125°C. The time dependent 
concentration changes displayed in Figure (9.1) show the 


+ : 
Hor being completely converted to H (H50) , and higher 


5 
hydrates for a water pressure of 3.2 mtorr at 125°C. 


: : ue 
Similar results are shown in Figure (9.27). The HO = 
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H” (H,0) , equilibrium is clearly observed only at much 
higher temperatures i.e. above 250°C (Figure (9.19)). Un 
fortunately the highest temperature explored by Field was 
only 255°C. Examining the van't Hoff plot given by 

Field (Figure (3) ref. (41)) one finds that all the 

Rie equilibrium constants for temperatures below 160°C, 
which corresponds to over half of the temperature range 
covered were obtained with a constant water pressure 


5a Litablenges aaescc) 


520 s/,MEOrr. «Using ky =od¢3 xr 10 
which is in the right range for clustering reactions of 
this type (48,61,142,143) one calculates a half life for 
conversion of H,0” to H” (H,0) 5 efeaboutj1000 wemtly tor: 
Ofamethanes.,0.;/ imtouryot H,0). The ion residence time in 
Field's source according to his own estimate (40) is 

only 10-30 us, strongly suggesting that his measurements 
were obtained prior to the establishment of equilibrium. 
It is therefore difficult to rationalize the linearity 


Of+hisyvant -Hofftphot and the resubktant¢~AH value of 


2 
16.3 kcal/mole (41,43). 

As was mentioned previously, there is essentially 
complete agreement between the present results and those 
reported by Field for the (3,4) and higher equilibria. 
Initially this appears rather surprising considering the 
vast disagreement for the lower (1,2) and (2,3) equilibria. 


A careful examination of the data of Field will show that 


Field's measurements are not conducted under the same 
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conditions in both experiments. For the studies of the 
higher equilibria, Field uses comparatively high (10-100 
mtorr) water concentrations while somewhat lower concent- 
rations (<1 mtorr) were used for the lower equilibria. 
Furthermore, and of the greatest importance to the under- 
standing the reason for the error in Field's experiments, 
is that the temperature range used by Field is such that the 
equilibrium between the proton hydrates will be observable 
for the high clusters and not for the lower ones. The 
temperature range used by Field centres about 125°C. At 
this temperature, for water pressures in the tens of mtorr, 
the ratios of the 2,3 and 4 clusters will be comparable - 
that is they will be within a factor of say oa at equil- 
ibrium. However, the ratio of the HO” to H” (H,0) 5 Peele 
be very small - as small as Mice Thus the H,0” will be 
beyond the limits of detection at equilibrium. Field 
lowers the water pressure such that he observes pow 
largely because it has not had the opportunity to react 
further to give H MHyOhey: The assumption is then made 

by Field that equilibrium is close, that is the: H Oo” and 


| 


H” (H,0) 5 are of comparable intensities at equilibrium 
under these conditions. If this were true the equilibrium 
Gonstants reported by Field would not be too seriously in 
error. 

The qbove: argument, isiioitalicyelramatune. Pitat tis 


ipficthes present Gatalwane correct ertiten cite erroncimn Ureldis 


ay taglines 
singer een » iain ae 
_sitdilivse tewol’ oft 762 bean etaw (e207 t%) enobies 
-isind std od Sotetioydl testsetp Sat To bas exoirzedeht 
,eidemixsexe e*biskt ni ‘tore. ens 0% moehet oft paibasss . 


ads gpd) ious oh blel¥ Yd beew Spans srvteveqins eft dedd et 


oidsvxssdo sd fiw eudeiSer dodotg sit asewsed me lrdhiivpe® 
ot? .aeno taWol dey xe? ton bas exeteuio dptd ens 203 — 
SA .S°@S1 dHode Setidne> Blots yd Bee epnsz exvtestequest 


,1n0dm io ened grit-nh gsaveesig sesew to? , stetstegies eins 


- a ot iL bw axeteul> &§ Bas £,8 oft to aotsat’ ods - 
-Liupe 36 “ot yse 2o ftotnst 2 nsatiw ed’ ifiw yods el tsH2 
fl iw  i¢ (OH) "a og “Og silt Yo oldest ey ,tevewoH .muiadt 
ad (btw "OH ode aunt. Ob se ttsme an. - tiem yrev ed 
pista .mixiitilups $6 fetyssas6 Yo 29 intl et Daoyed | ; 
. Oct eavtends ef +s¥ dowe stueetg tesew edd etewol = - 
toes ot ytinutzoggo eft bet ton esd 21 seusosd yloprsl 
ahem medt ef noitqnass sat ng (Ont? ty evip of teddx02 
bas “O,H ond ef ten , stots ai mixditinpe gedd blety yd 
nuixdiliops In Psidzanednt aideesgaos to ors (O,Ny*R 
mutrékiiupe eri) pirs9 sew alc BT iefpdatbnoo sesild/ ebay 
ni ylevoltes pos ad 20m ain ciaicamianal “ae, 


2D 


datatis obviousili However). cldac(430 argues that if his 
data is®correct then) it Wsaselrusupportang. The present 
data however is reproducible and has been found to be 
independent of all experimental variables. On the other 
hand Field's data varies with all reported experimental 
parameters. Thus the present data is considered more 
reliable than the results of Field. 

Friedman et al (144) have measured the dissociation 
energies of the proton hydrates. Their experimental 
method consists of determining the minimum kinetic energy 
required to dissociate a proton hydrate cluster on impact 
with a helium, atom, *iihe mesuiits tof poiedmaniier aleeeed4) 
are in excellent agreement with the previous results of 
Kebarilenetral (82) andsthenefore isuppor jiehelipuesent 
measurements. 

Recently three ab vinivtio calculations jhayeybeen 
performed to determine the binding energies and geometri- 
Calm COnLi gubatiions of tehle: proton hydrates ow Griaane HO” - 
H,O bond energy Kraemer and Diercksen (138) obtained 
32.3 kcal/mole p:Kolimanteand Allen h@be9 )s 36. 9ekcal/mole 
and Newton and Ehrenson (140) 33.5 kcal/mole. These 
calculations thus support the present value of 31.6 
kcal/mole. 

A conclusion which is common to all of these cal- 
culations on the ion HO. is that of geometry. Here the 


energetically favoured structure is one in which the 
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proton is equidistant between the two oxygen atoms 


( = 2.39 A (64)). The hydrogen atoms on the oxygen 


"oc 
atoms point away from the central proton and the 
planes formed by the H-O-H's are oriented at right angles 
to each other. The potential energy of the system for 
asymmetrical motion of the proton along the O-O axis is 
found to be almost constant over a range of some 0.3 A 
(47). In fact Kraemer and Diercksen (45) find a double 
minimum corresponding to asymmetrical structures of the 
form HOW) 2 One. However, the barrier between the two 
minima is so small as to be almost negligible (45). 
This type of potential minimum for the central) protonsin 
the EO ion suggests relatively easy formation and 
breaking of bonds in aqueous solution, and thus offers 
an explanation of the positive charge mobility in aqueous 
solution. The theoretical calculations are supported by 
a neutron diffraction study (145) of crystals containing 
the sh 10), moiety. In this study it was shown that the 
proton lies equidistant between the two oxygen atoms. 
Newton and Ehrenson (140) have also performed 
theoretical calculations on the binding energies and 
structures of the higher proton hydrates. The binding 
energies calculated by them are in good agreement with 


the previous results from this laboratory (82) and with 


those of Freidman ete (144). Newton and Ehrenson 
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report that as the number of water molecules in the ion 

increases that it becomes unclear as to whether a "centro- 
symmetrical” structure about the proton or a “chain™ form 
is energetically favoured. The “chain” form is apparently 
slightly favoured. However, the authors (140) considered 


the difference marginal. 


eae : Zin ) - 7 7 - a 
: a fi : . a * _ _ . 


: a. 
nol easy mb anual sedew v0 sdmun eft 2s +6 it d10gex 


yisnexsgqas ei omot *ntaris” sat pane vi teotseess 


poezsh bards eye aiolitus odd tebe “spensoved lta 


Asatte eonsrs¥tib wt 
| | _ 
7 7 - 


PASO 


Xx The Temperature Dependence of Selected Termolecular 


Reactions 


10-e2 Introduction 
The study of termolecular reactions such as 


ary pl hy yf ce Shea teeie iy (10.1) 
Sa 
z 

is of interest from the stand point of reaction kinetic 
theory. Also some specific termolecular reactions are 
believed to be of importance in the ion chemistry of the 
D region of the earth's ionosphere. Most studies of ter- 
molecular reactions have been undertaken at room tempera- 
ture (300°K), although a few determinations have been 
made at other temperatures (5,61,83,105,146,147). In the 
D region of the earth's ionosphere, the gas temperature is 
from *L80°K to 2/70°K (148). “In “order coy perform mode. (cal 
culations pertaining to ionospheric conditions it is nec- 
essary to know the rate constants of the ionic reactions of 
interest at these temperatures. In model calculations 
reaction rates are usually taken to be the same as at 
300°K (149,150) or are assumed to have only a small tempera- 
ture dependence. This is necessary since extensive tem- 
perature studies of termolecular rate constants are not 
available. 


Several theoretical treatments have been undertaken 


ar . e 
of reaction (10.1) where A’, B and M are atomic species 
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(106,147,151-154). These considerations predict that the 
temperature dependence of the forward rate coefficient of 


(10.1) may be approximately expressed in the form 


kK. =< -T CLGr, 2) 


where n is roughly unity for the atomic reactions. The 
theoretical treatments, as was mentioned in Chapter 4, 
assume that the termolecular reaction may be visualized 


as composed of three competing processes 


+ Ke As * M au 
ee A) ee CTO 73) 
*k 
Ss 
d 
KOK s 
Thus ke = Tea in the steady State approximation. “ihewd::— 


ficulties in the theories centre about the evaluation of 
kg Since this evaluation requires knowledge of how the 
energy of the reaction is distributed in the excited 
Species (ee In general the energy levels of the ionic 
intermediate (ony are unknown and must be approximated. 
Recently Good (106) has derived a simple expression 
for Geaction (10.1) where the reactants are not necessarily 
atomic by means of the energy transfer mechanism mentioned 


above. He was able to show that the temperature dependence 


was of the form 


s-2 
D + rRT 


where C is an empirical constant, D is the bond dissociation 


energy of A+B, T is the temperature, R is the gas constant, 
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r is the number of square terms contributing to the inter- 

nal energy of the molecule and s is the number of vibration- 
+ 

al degrees of freedom in the molecule A -B. For the case 


when D >> RT equation (10.4) reduces to 


=(s—2) 


Kea (OE rey) 


£ 


Thus as the number of degrees of freedom of the ion Aes 
increases the temperature dependence of ky is predicted to 
increase. However, for the atomic reactions equation (10.5) 
predicts a positive temperature coefficient for ke. This 


is the opposite of what is observed experimentally (146, 


Wa ) xs 
Niles and Robertson (147) have studied the reaction 
+ + 
Hero+ 2Hejs—— He, + He CUOe 
over the temperature range 77° - 449°K. They reported 


that the ke a ql. However, some details of their technique 


have been criticized by Gerber et al (155); Hackman (146) 


has studied the rate of the reaction 


Ne* -2Ne——* Ne, + Ne ClO S57.) 
in the temperature range 195° - 523°K. It was reported 
that ky ¢ tT in this temperature range in accord with the 
previous theories (147,154). However, Hackman's value 


(146) at 300°K is considerably lower than those obtained 
by other investigators (151). Ferguson et al (5,105) using 


the flowing afterglow technique have measured the forward 
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rate coefficients for several termolecular reactions. Un- 
fortunately these measurements were only performed at two 
or in some cases three temperatures. Consequently the 

form of the temperature dpendence was not uniquely defined 
by these experiments. The work of Ferguson et_al (5,105) 
did demonstrate that the termolecular reactions had a nega- 
tive temperature dependence - that is the rate coefficient 
increased with decreasing temperature. 


Good, Durden and Kebarle (61) have studied the re- 


actions 

of ts Gaps = 05" 4903 (10.8) 
and 

Noe 2 en ee (10.9) 
over a rather narrow (~300-350°K) temperature range. The 


authors expressed the temperature dependence of ky an che 
form of an Arrhenius-type equation. They found that re- 
actions (10.8) and (10.9) possessed "activation energies" 
which were negative and in the order of a few kcal/mole. 
The shallow temperature dependence of the reaction coupled 
with the narrow temperature range and the experimental 
scatter of the data precluded the determination of a more 
detailed expression for the temperature dependence. 

The present apparatus is capable of the study of 
jion-molecule reactions over a wide 90-850°K temperature 


range and is thus well suited for the study of the tempera- 
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ture dependence of termolecular reactions. It was thought 
that a comparison of the temperature dependence of ke for 


reaction (10.8) and for the reaction 


Re op 2a ae + Ar (10.10) 


would provide an interesting test of the theory of Good 
(106). Also the previous studies of the temperature de- 
pendence of the termolecular rate coefficients in Ne (146) 


and He (147) appear to be somewhat questionable (151). 


roe 2 Experiments in Oxygen 


To study the kinetics of the clustering reactions 


~ + 
O i q 8) PAO reac On 442 + 0.5 n= 1,2 (10 .-E)) 


it is necessary to lower the temperature of the ion source 
to a point where the formation of the species oes is 
favoured. Consequently the low temperature version of the 
ion source was used. Nitrogen gas from a cylinder was 
passed through a coil immersed in refrigerant and then 
tirougn a length of tubing to the ton source inlet System, 
Liguid nitrogen was used as the refrigerant when tempera- 
tures less than ~-50°C were required and dry ice acetone 
for higher temperatures. By varying the length of the 
tube to the ion soltirce and/or the flow rate of nitrogen 


different ion source temperatures could be achieved. At 


the lowest accessible temperatures (~90°K) it was found 
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that several hours were required for the ion source to reach 
a stable temperature. 

The oxygen used in the experiments had a stated purity 
of 99.998%. In order to eliminate the undesirable presence 
of trace amounts of water the gas was not admitted to the 
. lon source via the gas handling system. The oxygen flow to 
the ion source was regulated by an all metal needle valve 
which reduced the pressure to the desired level (torr range). 
The gas then passed through a coil immersed in liquid nitro- 
gent and then directly to the ion source. The system bleed- 
ing gas to the ion source was made as short as possible 
(~50 cm) and was constructed of glass and metal only. The 
pressure was monitored after the gas left the ion source. 


The gas was then exhausted through a capillary by a mechani- 


cal pump. In most experiments the gas was flowed (~25 cm? 
atm min +) through the ion source. Several determinations 
were made under "Static" conditions. That is the gas was 


not flowed but introduced into the ion source at the rate 

ate which it” Leaked “through the™ion source slits. » This 

was done to see if the gas achieved thermal equilibrium with 
the ion source at low temperatures. No difference was 
observed between the "static" and "flow" experiments. This 
was taken as evidence that thermal equilibrium was achieved. 
After baking out the apparatus overnight, the only ions 
observed in oxygen were wee No (<0.1%) impurity species 


were noted. 
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The data recording and manipulations were the same 
as has been discussed in Chapter 4 on the negative ion- 


molecule reactions in morst ‘oxygen. 


HOe 3 Experiments in Argon 
Ax gon, because off 1ts whigh) Goni zation porential, 
will charge exchange to almost any simple molecule. Ex- 


ceptions being He, Ne and N Consequently the argon 


2° 
musti bet of very  hagh purity to avoid complicating side, re- 
actions. Argon of 99.9995% purity was used in the present 
studies: sand because: of the) cost of gas: of: this: punityoall 
determinations were conducted under "static" conditions 
of gas flow. When using argon of this purity no species 
other than Are (n = 1,2,3) were noted except for a small 
Signal at m/e = 20. This signal disappeared very rapidly 
with time, and it was concluded that the species was ee 
Approximately 25 measurements were performed in 
argon all® of: whi chemus & be: regardédias whai Lorestisance the 
datal was: not» reproducible. The reason) for ‘this: is not 
understood. Even at very low temperatures when reaction 
(hOnLO)eamusts proceeds tomcompletionrethe Ar’ Signal did not 
decay but remained a constant fraction (10% - 50%) of the 
Ary Sivonaliwithetities, dni tiallyethisemayebes regardedsas 
an equilibrium condition in the reaction. However, such 
ig not the case. Increasing the argon pressure results 


: : + 
in an increase in the Ar’ Signal relative to AY, - the 
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Opposite of what should be observed if thermodynamic equil- 
ibrium is being achieved. At low temperatures the ioe 
ion was observed to become the dominant ion (~90%) at long 
reactionetimes); but stiddiethe Ar* Signal did not decay. 

No evidence was found to suggest that Ar* was produced out- 
side, the jonssource. “It ist difficult to*® conceive! of any 
mechanism which would produce Ar’ outside the ion source 

in such a way that its temporal behaviour would exactly 
Bpebiect thatsof ythe Aas: 

Other experimentalists (45,146,147) have studied 
EBeactr1ons of thisitype andedidenototreportwthisvtype of 
phenomena. Thus it is concluded that this phenomena is 
characteristic of the present apparatus. It is believed 
that the observation reflects a surface effect of the ion 
exit slit. This phenomena was not observed in any other 
system studied. A few experiments were conducted in neon 
and a similar effect was observed. 

It is believed that the effect was due to the ion 
exit slit somehow perturbing the sample. Consequently 
efforts. were made to “clean” “the slit. © Prolonged ‘and 
repeated baking at elevated temperatures had no effect. The 
Lon ,exites lo 06 cthe: dom source 1s Mmanvtiactured ronvrazor 
blades which, as they are obtained commercially, have a 
plastic coating on the edges. This coating was removed 


by softening in solvent and gentle scraping. It was 


thought that perhaps the coating was not completely removed 
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by this technique and thus razor blades were obtained which 
did not possess this coating. 

In one experiment, and only one experiment, the Ar’ 
signal was observed to decay to zero. This experiment 
could not be reproduced. In this case a new slit, manu- 
factured from the uncoated blades was used. The instrument 
was evacuated overnight and the following day the tempera- 
ture of the ion source lowered to ~100°K, argon was admitt- 
ed to the ion source and the electronics of the instrument 
eurned on. The electron gun was noe turned (Om untried. 
system had stabilized. The electron gun was turned on 
and the signal observed immediately thereafter. The Ar’ 
Signal decayed beautifully. When an attempt was made to 
repeat the observation a few minutes later the Ar’ did not 
decay. Perhaps this reflected a rapid buildup of material 
Onsche slit. 

Molybdenum is a material which is often used in 
the manufacture of orfices through which charged particles 
are to be sampled (47). Apparently it possesses very good 
surface characteristics. The edge of a thin sheet of 
molybdenum was polished to achieve a razor sharpness after 
which the material was assembled into a slit. It was found 
that even in this case the m/e = 40 signal did not decay. 
Experiments were done in which the slit was covered with 


sarbon black. No effectswas observed. At this point the 


experiment was abandoned. 
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No satisfactory explanation of the observations are 
apparent, although certain theories may be excluded. The 
Svonalvatym/e = 40 is presumably Ar’ and not an impurity 
Species. The complete absence of charged species other 
than argon ions, the high purity of the argon used and the 
Similar observations in neon suggest that the explanation 
does not lie with impurities. In all the other experi- 
ments conducted in this work, the gases in the ion source 
always contained some non-monoatomic species. Such mole- 
cules may form free radicals upon electron bombardment 
and thus may act as a "cleansing" agent on the slit. In 
the pure rare gases this is not possible. The behaviour 
of metal surfaces towards charged particles is not well 
understood (47), but it would appear that the only explan- 
ation for the experimental observations lies in some type 


of surface phenomena. 


LOreS Results and Discussion 
In pure oxygen some 28 measurements of the rate 
coefficients at 22 different temperatures between 93° and 


292°K were performed. The reactions observed were 
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6 + 20, ——» 0, +0 (10.14) 


The normalized ion intensities are displayed in Figures 
(10.1-10.13) along with the calculated ion intensities 

based on the rate coefficients given in Table 10.1. Examples 
of the exponential decay of the normalized oP: Signal are 
displayed in Figures (10.14-10.16). Figure (10.17) shows 

er plotfor the apparent first order rate coefficient for 

0, at 143°K.) As can 

be seen from Figure (10.17) reactions (10.12) and (10.13) 


weactions: (10 012)% and ¢€10.13) vs P 


are dependent on the second power of the oxygen concentra- 
tion and are therefore third order. 
Only one determination was made of reaction (10.14) 


and that at 93°K. Assuming the reaction to be third order 


a value of k, = 2.45 x oie com molecule sea eve cee ene 
mined. This may be compared to values of ky = 4.14 x re foo 
Commtleculs - see aand k, = 10.7 x 10°? cn mo Tecuie== 


= determined at the same temperature. The value of k3 
appears to be reasonable in that ky > k, > k3. This also 
follows the trend of the -AH's of the reaction: ey = 

= 2.54 kcal/mole (156). At 


Hoi Pps = 6.87, and -AH 


Ha 6 6,8 
higher temperatures k_, becomes sufficiently large that the 
equilibrium position of reaction (10.14) is displaced forward 
Tieeavour OF. ciLe Dee ion and thus reaction (10.14) could 


; + 
not be observed. At 93°K a small signal due to O19 could 


be observed. However, its low intensity precluded any 
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ties. The curves are the calculated time dependence for 
the rate parameters summarized in Table 10.1 Po = 0.435 
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FIGURE 10.5. Time dependence of normalized ion intensi- 
ties. The curves are the calculated time dependence for 
the rate parameters summarized in Table 10.1 Py = 0.43 
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FIGURE 10.6. Time dependence of normalized ion intensi- 
ties. The curves are the calculated time dependence for 
the rate parameters summarized in Table 10.1 Poa = 0.44 
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FIGURE 10.7. Time dependence of normalized ion intensi- 
ties. The curves are the calculated time dependence for 
the rate parameters summarized in Table 10.1 Po =06765 
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TABLE 10.1 


Calculated Values of Rate Coefficients for Positive Ion- 


Molecule Reactions in Pure Oxygen 
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kinetic study. Ferguson eS fab€@ 7105 )eehanvc tsitudiled stite 
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+ He-—— O + He CLO. 15) 


and 
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using the flowing afterglow technique. For reaction (10.15) 


they (5) reported a value of “264 x tor 4° cm® molecule ° ae 


at 200°K, and 3:2. x Ome. cm® molecule’ - oun he spose (Gilkey A 


The corresponding values at these temperatures determined 


in the present study are 9.9 x los oe and~1.6 x Ton cm® 


ec 


molecule “ oie respectively. Thus the present values of 
ke with oxygen as third body are roughly a factor of 4 
larger thanjithosesneponteds by Fergusonret) alawithyhe hium 
as, third body. The lower efficiency for helium is) to be 
expected..(Chapter5)..«..1Ttistinterestingiito notenthate ithe 
data of Ferguson et al although obtained only at two 
temperatures parallels the present data. Ferguson et al 
30 6 Na 


(5) also report a value of ~5 x 10. cm’ molecule “~ s 
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+ + 
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at 80°K. The present data with oxygen as third body 
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respectively. Figure (10.18) displays the van't Hoff plots 
Of sthese equilibrium) cons tants asudeterminedsby Durden cr 
al (33) (Ky 4) and Conway and Janik (156), a and oe: 
along with the present data. 

At low temperatures the clustering reactions become 
fast. In order to observe the kinetics of the reactions 
it is necessary to conduct the experiments at low pressures 
(<0.5 torr). At such low pressures the ions diffuse 
rapidly torthe walls oft the ion source and in many cases 
the ion signal is at such a low level by the time equil- 
ibrium is apparently achieved that the ratio of the ions 
could not be determined with precision. The measured 
Values “of the equilibrium consitants: therefore are not of 
hagh® accuracys Sihem@agreemene between therypresente values 
of the equilibrium constants and those previously reported 
is within experimental error. 
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expression for ik. Of they form 


1 


kp « p7 (s-2) (10.20) 


According, plots of log k vs log T for reactions (10.12) 
and (10.13) and the reaction 


H,0° + HO + CH,——>+ H” (H,0), + CH 


5] 2 4 (10n 2) 


4 


are presented in Figure (10.19). The data for reaction 
(10.21) is taken from Chapter 9. As can be seen equation 
(10.16) adequately expresses the form of the temperature 
dependence. Shown also in Figure (10.19) are the data 
previously obtained in this laboratory for reaction (10.12) 
by Durdenvet, aly) (83). [Tt is gratifying to mote thar tne 
present data for reaction (10.12) extrapolates smoothly 
into Durden's data. The values of the exponent in 
equation (10.16) calculated from Figure (10.19) are given 
tn Fable, 0" 2 : 

In Good's (106) expression (10.20) s is the number 
of oscillators in the clustered species over which the 
energy of the excited species may be distributed. Thus 
for reaction (10.12), n is calculated to be 4 which com- 
pares favourably with the experimental value of 3.2. How- 
ever, for reaction (10.13)) and) (10.21), nts Calctlated, ro 
be 10 and 13 respectively. This 1s to be compared to the 


experimental values of 5.1 and 4.0. It has been found 
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that the value of s in the RRK expression is usually sub- 
stantially less than the number of normal modes in the 

molecule. Typically s is about half the number of normal 
modes (157). Taking this into consideration the correl- 
ation between the calculated and experimentally observed 


values of n is reasonable. 
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Beka PUB GN Dela. I 
Analogue Computer Programmes 


For the first order reversible reaction system 


é k 
| ee ae 2.0 (Al.1) 
aE K_5 


we may write the following differential equations 


aA 

at = “kjA ata k_458 (Adee 2)) 
ae -(k + kk.) B 4k + KC (Ad.3) 
Cte -1l 2 1: -2 i 
aCe 


where A, B and C are the concentrations of the respective 
Species. The analogue computer programme for solving the 
above set of differential equations with boundary conditions 
at t= 0, A= 1, B = C = 0 is displayed in Figure (Al.21). 
This programme was used to generate the solutions to the 
kinetic systems in Chapters 5, 9 and 10. 


For the somewhat more complex reaction system 
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=4 a5 
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the corresponding differential equations are 
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FIGURE (Al.1) Analogue computer programme for the 
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kinetic system A ——— > B ——— C 
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dA _ 

Te = (ky + KS)A + k_1B (Al.6) 
dB _ 

et Co ep eee (Al.8) 
atk 4 -4 2 3 : 
GH lelke! Prk,oD + Onde ok 28 (Al .9) 
ade 9 -4 5 4 -5 : 
dE _ 


The analogue computer programme used to solve the 
above equations with boundary conditions att = 0, A =l, 
Be="C =") = "E = Ost displayed in Figure, (Al. 2)... This 
programme was used in Chapter 4 in the study of the kinet- 


ves of hydration. of O, - 
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A Mathematical Analysis of the Reversible First Order 
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For the simple first order reversible reaction 


A ——— 8B (AZ .1) 


we may write the differential equation 


dA = -_ 
a er k5B (A2.2) 


which possesses the well known solution (158) 


In(A - ise = asc + k,)t + constant 
(A2.3) 
where A is the concentration of A at time t and ve is the 
COncentration.o: A atvequilibrium. hus asplotlo£ 
rive Ang) versus time yields a straight line of slope 


For the system 


k * 

Ries ep eae (A2.4) 
=: bah RT 
Ko Ky 


an expression similar to (A2.3) may be derived as is shown 


below. The differential describing (A2.4) are 
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dA 

art -k,A + kB (A2.5) 
= = me ace + k,)B + k,A + k 4C (A2.6) 
t 

dC 


Lowry and John (159) have shown that the solution to the 


above equations for A is 
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where A__ = ies 28. SE eee (A2.9) 
eg 
kjk + kjk; + kik, 
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Introducing (A2.15) into (A2.12) and rearranging we 
have 
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(A2 216) 
Or 
In(A - aq? = -mot + constant (Ag. 279 
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Upon expanding the term under the square root sign in (A2.11) 
and noting that the resultant is a perfect square it may be 


shown that 
Mae sake he ok (A228) 


PAeLoOducing = (AZ .L8) into (A2- 17) (we mand 


ln(A - ue ) ss — (ky - k)t + constant (A2.19) 
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Thus the relationship (A2.3) which held for the simple case 


(A2.1) also holds for the more complex case (A2.4). 
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